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Preface

Viruses consist of genetic information and components that help to main-
tain the integrity of this information through replication, packaging, and
transmission. Each major class of viruses occupies its own niche, distin-
guished by the shape, host range, and type of genetic information common
to its members. Negative-strand RNA viruses are characterized by the
polarity of their genomic RNA to mRNA and by their involvement in di-
seases of medical and veterinary importance. Moreover, many representa-
tives of this class, exemplified by Ebola and Nipah viruses, are considered
emerging pathogens, and other viruses are awaiting discovery.

Remarkable progress in understanding negative-strand RNA viruses
has come through reverse genetics, a technology that allows one to genera-
te viruses possessing genes derived from cloned cDNA. First developed for
negative-strand RNA viruses in 1989, reverse genetics systems are now
established for members of most genera of the families Rhabdoviridae and
Paramyxoviridae, influenza A and B viruses (Orthomyxoviridae), as well
as for Ebola virus (Filoviridae). This powerful research tool, once available
in only a few laboratories worldwide, has become a routine aid in dissec-
ting the assembly and life cycle of negative-strand RNA viruses, as well as
the pathogenic role of viral proteins and their interplay with host compo-
nents. Finally, reverse genetics has opened the way to the development of
live attenuated vaccines and of vectors for vaccine and gene delivery.

This volume presents a historical perspective on reverse genetics for
negative-strand RNA viruses and reviews advances in this technology for
segmented and nonsegmented viruses within this class. There is also a se-
ries of reviews on the replication of these viruses, ranging from viral RNA
synthesis to the roles of viral and host proteins in viral replication, and
finally to the assembly of viral components. The volume concludes with
discussion of reverse genetics in the development of novel vaccines and
gene delivery vectors. Considered together, these sections provide state-
of-the-art knowledge in this maturing field, thus serving as a foundation
for future research and a stimulus for interaction among scientists from
diverse disciplines.

Y. Kawaoka



List of Contents

Reverse Genetics of Mononegavirales
K-K.Conzelmann ......... ..ottt

Reverse Genetics Systems for the Generation of Segmented
Negative-Sense RNA Viruses Entirely from Cloned cDNA
G.Neumann and Y. Kawaoka ...............coiiiiiiannnna..,

Transcription and Replication of Nonsegmented
Negative-Strand RNA Viruses
S.P.J. Whelan, JN.Barrand GW. Wertz..............covvnvnn...

Orthomyxovirus Replication, Transcription, and Polyadenylation
G. Neumann, G.G. Brownlee, E. Fodor and Y. Kawaoka ............

Escaping from the Cell: Assembly and Budding
of Negative-Strand RNA Viruses
AP Schmittand RA. Lamb .......... .. ... ... oL,

Accessory Genes of the Paramyxoviridae, a Large Family

of Nonsegmented Negative-Strand RNA Viruses, as a Focus

of Active Investigation by Reverse Genetics

Y. Nagai and A. Kato ........ e e e

Identification and Characterization of Viral Antagonists
of Type I Interferon in Negative-Strand RNA Viruses
A Garcila-Sastre . .....oooiiii e

Toward Novel Vaccines and Therapies Based
on Negative-Strand RNA Viruses
V. von Messling and R. Cattaneo ..............coiiiuiiinnn....

Influenza Vaccines Generated by Reverse Genetics
K.Subbaraoand JM.Katz ..........c.oviiiiiiiiinnn..

SubjectIndex ....... ... e



List of Contributors

(Their addresses can be found at the beginning of their respective chapters.)

Barr, JN. 61 Lamb, R.A. 145
Brownlee, G.G. 121 Nagai, Y. 197
Cattaneo, R. 281 Neumann, G. 121
Conzelmann, K.-K. 1 Schmitt, A.P. 145
Fodor, E. 121 Subbarao, K. 313
Garcia-Sastre, A. 249 Von Messling, V. 281
Kato, A. 197 Wertz, GGW. 61
Katz, J.M. 313 Whelan, S.P.J. 61

Kawaoka, Y. 121



Reverse Genetics of Mononegavirales

K. K. Conzelmann

Max von Pettenkofer-Institut and Genzentrum,
Ludwig-Maximilians-Universitit Miinchen, Feodor-Lynen-Str. 25,
81377 Munich, Germany

E-mail: conzelma@Imb.uni-muenchen.de

1 Introduction . . . . . . . . . e e e e e

2 Principles of Replication and Transcription
of Mononegavirales: Obstacles to Genetic Engineering . . . . . ... ...

3 Assembly of cDNA-Derived RNA into RNPs
by Paramyxoviridae Helper Viruses . . . . ... ... ...........

4  Helper Virus-Free Systems: Generation of RNPs
from cDNA-Encoded Components . . . ... ... ... .. ........

5  Lessons from Minigenome Experiments . . . . . ... ... ........
6  Recovery of Infectious Viruses from cDNA: A Positive Approach . . . . .

7  Variations on a Theme: State-of-the-Art Recovery

of Rhabdoviridae, Paramyxoviridae, and Filoviridae from cDNA . . . ..
7.1 Generation of Antigenome-Like RNA:

The Favorite RNA Polymerase and Extra G Residues . . . . .. ... ...
7.2 Viral Proteins Required to Make Antigenome Infectious:

SupportProteins . . . . . .. .. ...
7.3 Expression Systems for Virus Rescue. . . . .. ...............
7.3.1 Vaccinia Virus and T7 RNA Polymerase, a Working Couple . . . . . . ..
7.3.2 Cell Lines Expressing T7 RNA Polymerase and/or Support Proteins. . . .

8  Rescue of Mutant and Designer NNSV . . . ... ... ... .........
8.1 Attenuating Viruses by Mutations, Gene Deletions,

Genome Reorganization and Insertion of Foreign Genes . . . . ... ...
8.2 Chimeric Viruses, Envelope Switching, and Retargeting . . . . . ... ..

References. . . . v v v i i i e e e e e e e e e e e e e e e e e e e e

12

13

19

20
23
23
26

27

28
30

31

Abstract “Reverse genetics” or de novo synthesis of nonsegmented neg-
ative-sense RNA viruses (Mononegavirales) from cloned ¢cDNA has be-
come a reliable technique to study this group of medically important
viruses. Since the first generation of a negative-sense RNA virus entirely
from cDNA in 1994, reverse genetics systems have been established for
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members of most genera of the Rhabdo-, Paramyxo-, and Filoviridae
families. These systems are based on intracellular transcription of viral
full-length RNAs and simultaneous expression of viral proteins required
to form the typical viral ribonucleoprotein complex (RNP). These sys-
tems are powerful tools to study all aspects of the virus life cycle as well
as the roles of virus proteins in virus-host interplay and pathogenicity.
In addition, recombinant viruses can be designed to have specific prop-
erties that make them attractive as biotechnological tools and live vac-
cines.

1
Introduction

Mononegavirales, or “nonsegmented negative-strand RNA viruses”
(NNSV), are enveloped viruses that have genomes consisting of a single
RNA molecule of negative (anti-mRNA) sense. The Mononegavirales or-
der includes the Rhabdoviridae, Paramyxoviridae, Filoviridae, and Bor-
naviridae families and thus viruses with high medical and economical
relevance. Although they have different hosts, ranging from plants to
mammals, and distinct morphological and biological properties, the ele-
ments essential for the typical mode of replication and gene expression
have been retained throughout the Mononegavirales, illustrating that
they have originated from a common ancestor (for review see Pringle
1997).

Although some negative-strand RNA viruses such as vesicular stoma-
titis virus (VSV) have long served as model organisms for specific as-
pects of virology and cell biology, such as RNA synthesis or glycoprotein
transport and sorting, analysis of negative-strand RNA virus genetics
and biology has been hampered by the lack of systems allowing directed
genetic manipulation of their genomes. In contrast to positive-strand
RNA viruses, or most DNA viruses, nucleic acids isolated from negative-
strand RNA viruses or virus-infected cells are not able to initiate an in-
fectious cycle on introduction into an appropriate host cell. This was in-
deed a criterion originally used to distinguish “positive” -and “nega-
tive”-strand RNA viruses (Baltimore et al. 1970). The minimal infectious
unit of a negative-strand RNA virus is rather a nucleocapsid or ribonu-
cleoprotein (RNP) complex, in which the RNA is properly associated
with the viral RNA polymerase. The development of techniques for gen-
eration of recombinant negative-strand RNA viruses from cDNA thus in-
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volved reconstitution of active RNPs from individual components, that
is, RNA and proteins. To date, recombinant viruses are available from all
Mononegavirales families except the Bornaviridae. Genetic engineering
of their genomes has become as easy as with positive-strand RNA virus-
es. Apart from the analysis of the molecular biology of each of the virus-
es, the great potential of Mononegavirales as tools for studying cell biol-
ogy and as biomedicals is being exploited now. After a brief outline on
the principles of Mononegavirales gene expression that are important
with regard to reverse genetics (for details see chapter by Neumann et
al., this volume), this chapter provides an overview of the approaches
taken to establish methods for engineering NNSV and an overview of
the currently available recombinant systems.

2
Principles of Replication and Transcription
of Mononegavirales: Obstacles to Genetic Engineering

Viruses belonging to the Mononegavirales consist of two major func-
tional units, an RNP complex, which represents the genetic information
and which is active in replication and gene expression, and an envelope
involved in getting the RNPs in and out of target cells. Simple members
of the Rhabdoviridae like rabies virus can manage with only five virus-
encoded proteins. In the RNP, the genomic or antigenomic single-strand
RNA is tightly encapsidated in a nucleoprotein N (NP for Paramyxoviri-
dae; throughout this chapter also designated N and associated with the
viral RNA-dependent RNA polymerase. The latter consists of a large cat-
alytic subunit (L), which shows typical RNA polymerase motifs, and a
noncatalytic cofactor, the phosphoprotein P. The envelope is composed
of a matrix (M) protein lattice lining the inner side of the host cell-de-
rived lipid bilayer and a viral transmembrane glycoprotein (G) making
up viral spikes. The RNP protein genes N, P, and L and the envelope pro-
tein M together with one or two glycoprotein genes make up also the ba-
sic, essential gene repertoire of most other Mononegavirales. “Accessory”
proteins encoded by specific groups of Mononegavirales may encode
proteins with regulatory function in virus replication or “luxury” func-
tions to cope with host reactions and to provide for an optimal environ-
ment (see chapter by Nagai and Kato, this volume).

After infection of a cell, the RNP serves as a template for two distinct
RNA synthesis functions, namely, successive transcription of subgenom-
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ic mRNAs as well as replication of full-length RNAs. The RNP genomes
appear to possess a single entry site/promoter at the 3’ end of the RNA
at which the viral RNA-dependent RNA polymerase enters for both
mRNA transcription and genome replication. Thus the polymerase may
act in a processive mode for synthesis of full-length RNAs and a nonpro-
cessive mode for transcription, in which internal sequences define the
gene or cistron borders. The two types of RNA synthesis are mostly ex-
plained by proposing the presence of a “transcriptase” and of a “repli-
case” form of the polymerase complex. The “transcriptase” is able to
recognize gene borders and successively gives rise to a short leader RNA
and several capped and polyadenylated mRNAs. Gene borders are de-
fined by gene end sequences (GE) containing an oligo(U) stretch that
constitutes the template for a stuttering synthesis of the mRNA’s poly(A)
tail, a putatively nontranscribed “intergenic region,” and conserved gene
start signals (GS) complementary to the 5 end of the next mRNA. In
contrast to transcription, the product of replication is not a free RNA
but an RNP with an encapsidated full-length RNA. Because constant
supply of N/P and P/L complexes is a prerequisite for replication of all
negative-strand RNA viruses, it is assumed that RNA polymerization
and encapsidation of the growing RNA chain into nucleoprotein are
linked (Horikami et al. 1992; Gubbay et al. 2001). Because the genomic
3’ region would thus simultaneously represent the promoter and the en-
capsidation signal, mechanisms to prevent encapsidation of mRNAs
should exist. In Mononegavirales this might be achieved through the re-
lease of the leader RNA carrying the encapsidation signal. Reinitiation at
the junction between the leader and the first protein-coding gene (usual-
ly N/NP) appears to be necessary to convert the polymerase to the non-
processive transcription mode in which elongation is independent of
concurrent assembly with N protein (Vidal and Kolakofsky 1989). Tran-
scription is stopped at the GE signal of the most downstream gene (L)
by a stop/polyadenylation signal that is not followed by a restart se-
quence, whereas during replication polymerization proceeds to the 5’
terminus of the template. The 3’ terminal region of the resulting antige-
nomic RNA (RNP) is highly similar in sequence to that of the genomic
promoter and functions as a strong promoter (antigenomic promoter)
for synthesis of genome sense RNPs but not for transcription of subge-
nomic RNAs.

According to the conserved genome organization and expression
strategy, the RNA of Mononegavirales cannot be infectious. Proteins re-
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quired to make up an RNP are expressed neither from the genomic
RNA, because of its anti-mRNA sense, nor from the complementary pos-
itive (antigenomic) strand (at least not effectively and not all) because
the modular organization of the RNA does not allow translation of all vi-
ral proteins by the cellular machinery. Therefore, to render Mononegavi-
rales RNA infectious, at least N, P, and L proteins must be supplied. The
latter is easily accomplished by standard recombinant DNA techniques.
However, encapsidation of RNA by N protein is not so easily achieved,
because concurrent encapsidation by the viral polymerase is functional
only on an RNP template and not on a naked RNA. Approaches toward
functional RNPs containing cDNA-derived RNA thus involve artificial
encapsidation, also called “illegitimate” encapsidation. This is so far a
very inefficient process and indeed represented the technical challenge
in NNSV reverse genetics.

3
Assembly of cDNA-Derived RNA into RNPs
by Paramyxoviridae Helper Viruses

Initial work encouraging to the entire Mononegavirales research field
came from a group working on the segmented influenza A virus. Peter
Palese and colleagues reported the first approach allowing successful
generation of biologically active RNPs containing cDNA-derived RNA.
In vitro RNA transcripts that contained the authentic terminal sequences
from an influenza genome segment flanking an internal chlorampheni-
col acetyl transferase (CAT) reporter gene were assembled with purified
influenza virus nucleoprotein (NP) and the influenza virus polymerase
proteins PA, PB1, and PB2 in vitro (Luytjes et al. 1989). After transfec-
tion of the reconstituted recombinant RNP into cells infected with influ-
enza virus, the construct was replicated and the CAT reporter gene was
expressed. The helper influenza virus not only provided the proteins
needed for further RNA synthesis but, because of the segmented nature
of its genome, also allowed packaging of the synthetic genome segment
into progeny virus particles and passage of CAT activity in tissue culture.
In the following, such “reassortant” or “transfectant” viruses possessing
specific alterations in different genome segments could be generated
(Enami et al. 1990). This achievement has rendered influenza virus ac-
cessible to detailed experimental investigations and has initiated great
progress as illustrated in the chapters on segmented negative-strand
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RNA viruses (chapters by Neumann and Kawaoka, Neumann et al., and
Subbarao and Katz, this volume).

Unfortunately, and in contrast to influenza virus, in vitro encapsida-
tion of Mononegavirales RNA is ineffective, which is most likely the
result of a tighter RNP structure (Baudin et al. 1994; Iseni et al. 1998;
Mavrakis et al. 2002). Nevertheless, a few synthetic nucleotides corre-
sponding to the genome ends of VSV could be associated in vitro with
RNP proteins (Smallwood and Moyer 1993; Moyer et al. 1991). No re-
ports on successful encapsidation of larger constructs containing both
termini are available. Mark Krystal and colleagues were then the first in
demonstrating that an artificial Paramyxoviridae-derived RNA could be
rescued inside a cell into a form that allows recognition and amplifica-
tion by the polymerase of a Paramyxoviridae helper virus (Park et al.
1991). The artificial RNA corresponded to a negative-strand Sendai virus
minigenome in which the entire coding region was replaced with the
coding region of the CAT reporter gene, and in this respect resembled
the above influenza minigenome segment. The model minigenome pos-
sessed the viral 3’ terminal sequence including the suspected promoter
for the L polymerase as well as the signal directing leader RNA tran-
scription and initiation of mRNA transcription. The 5 end contained
the GE signal derived from the most 5’-located cistron (L) and down-
stream terminal sequences supposed to contain a complete antigenomic
promoter for replication. The RNA was generated in vitro by T7 RNA
polymerase from a linearized plasmid to obtain precise RNA ends. After
transfection of this RNA into cells, CAT activity was observed after infec-
tion of cells with Sendai virus. Furthermore, the artificial RNPs were
packaged into infectious virions, as demonstrated by successful passage
of CAT activity by transfer of cell-free supernatants. Thus it was con-
firmed that cis-acting sequences required for encapsidation, replication,
and transcription of this paramyxovirus reside in the terminal sequences
of the Sendai virus genome. Rescue by infectious helper virus of similar-
ly organized, in vitro -transcribed transfected RNAs was then successful
also in other Paramyxoviridae systems such as RSV (Collins et al. 1991),
PIV-3 (Dimock and Collins 1993; De and Banerjee 1993), and measles vi-
rus (Sidhu et al. 1995). These early experiments revealed several basic
requirements for successful rescue of RNAs. For example, the end of the
transcript representing the viral 3’ terminus must be correct and cannot
function from an internal site. In contrast, the 5" end appeared to toler-
ate additional nucleotides (Collins et al. 1991; De and Banerjee 1993). In-
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deed, such helper virus-driven rescue of minigenomes provided the
tools to study all types of viral cis-acting sequences, such as terminal
promoters, sequences involved in paramyxovirus RNA editing, tran-
scription signals, and intergenic regions (see chapter by Whelan et al.,
this volume). The latter has been achieved by the use of bicistronic mod-
el genomes in which two or more reporter genes are separated by se-
quences derived from gene borders (Harty and Palese 1995; Kuo et al.
1996). The efficiency by which Paramyxoviridae minigenomes are res-
cued by helper viruses is illustrated by the successful rescue, after trans-
fection of in vitro-transcribed RNA into RSV-infected cells of a “minige-
nome” of approximately 50% of the genome length of RSV, comprising
the entire L gene of RSV and a CAT reporter gene (Collins et al. 1993). In
addition to Paramyxoviridae, the Filoviridae Marburg virus and Ebola
virus have also been reported to support rescue of artificial model RNAs
(Muhlberger et al. 1998, 1999).

In striking contrast to Paramyxoviridae and Filoviridae, rescue of
minigenomes by natural mammalian Rhabdoviridae helper viruses, such
as VSV or rabies virus (RV), has never been reported to be successful.
One explanation may again lie in differences in the RNP structures, such
that “illegitimate” encapsidation of RNA by nucleoproteins from Rhab-
doviridae is accomplished less easily. Another feature contributing to
the failure of helper virus-driven rescue was identified only after engi-
neered infectious helper rhabdoviruses were made available. Rabies vi-
rus CAT-expressing minigenomes that could not be rescued by wt rabies
virus were reproducibly rescued by a recombinant 3’ copy-back am-
bisense rabies virus (Finke and Conzelmann 1999). The successful am-
bisense virus had the strong antigenome promoter replaced with the
weak genome promoter for replication (Finke and Conzelmann 1997).
“Strong” and “weak” promoters appear to differ in their ability to bind
polymerase and to compete for polymerase. Noteworthy in this respect
is the finding that naturally occurring rhabdovirus defective interfering
(DI) particles mostly belong to the 5’ copy-back type, containing two
“strong” promoters. Competition of helper virus and minigenome pro-
moters may thus contribute to the observed inability of mammalian wt
rhabdoviruses to rescue reporter genomes. However, recent reports have
revealed that, in contrast to mammalian rhabdoviruses, the fish rhab-
doviruses infectious hematopoietic necrosis virus (IHNV) and viral
hemorrhagic septicemia virus (VHSV) of the Novirhabdovirus genus do
support rescue of minigenomes very well (Biacchesi et al. 2000b; Betts
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and Stone 2001). These reports also documented the first rescue of non-
mammalian Mononegavirales replicating at low temperature.

4
Helper Virus-Free Systems: Generation of RNPs
from cDNA-Encoded Components

Expression of proteins from transfected cDNA rather than from helper
virus then not only permitted the recovery of Rhabdoviridae minige-
nomes but also improved the efficiency of Paramyxoviridae and Filoviri-
dae minigenome recovery. Initially, natural DI RNPs were used to deter-
mine the trans-acting proteins required for DI propagation. In the first
successful approaches, an expression system was used that involves in-
fection of cells with a recombinant vaccinia virus (vv) encoding bacte-
riophage T7 RNA polymerase (vIF7-3) and transfection of the same cells
with multiple expression plasmids driven by a T7 promoter (Fuerst et al.
1986). The vv/T7 system has the advantage of tremendously high expres-
sion levels combined with mostly cytoplasmic production of RNAs. The
latter circumvented possible problems encountered with nuclear tran-
scription, such as unwanted splicing of transcripts. Transfection of
vTF7-3-infected cells with plasmids encoding N, P, and L proteins of
VSV and Sendai virus, respectively, was necessary and sufficient to sup-
port replication of a VSV DI (Pattnaik and Wertz 1990) and a Sendai vi-
rus DI (Curran et al. 1991). Moreover, in case of the VSV DI, transfection
of two additional plasmids encoding the VSV envelope proteins M and G
resulted in assembly and budding of complete VSV particles (Pattnaik
and Wertz 1991).

The intracellular T7 RNA polymerase-driven expression systems al-
lowed not only the expression of virus support proteins from individual
“support plasmids” but also the intracellular transcription of the mini-
genome RNAs from transfected plasmids. The generation of correct 3’
termini of transcripts inside cells, however, represented a problem, be-
cause linearized plasmids are not very efficient in transfection and vac-
cinia enzymes are known to religate free DNA ends very efficiently. A
substantial advance was thus the development of transcription vectors
designed to yield viruslike RNAs with discrete 3’ termini. This was
achieved by exploiting the autolytic activity of ribozyme sequences, as
first successfully shown for intracellular generation of functional no-
davirus RNA (Ball 1992) and then of an artificial RNA mimicking the
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natural 2-kb VSV DI-T (Pattnaik et al. 1992). The viral cDNA was cloned
between the T7 promoter and a ribozyme sequence from the antigenome
of hepatitis delta virus (HDV; Perrotta and Been 1990; Sharmeen et al.
1988) This was followed by a T7 polymerase transcription termination
sequence. The HDV ribozyme has the advantage that only sequences
downstream of the cleavage site are required for autocatalytic activity
and is generally indiscriminate with regard to upstream sequences (Shih
and Been 2002). Moreover, the 3’ terminal ribose of the upstream ge-
nome analog possesses a cyclic 2/,3-phosphate instead of a hydroxyl
group (Sharmeen et al. 1988), which might prevent polyadenylation of
the RNA by vaccinia virus enzymes (Gershon et al. 1991) or protect deg-
radation of the RNA 3’ terminus by cellular exonucleases. This setting
resulted in efficient encapsidation and replication of the DI-T RNA ana-
log by VSV proteins expressed from simultaneously transfected “sup-
port” plasmids (Pattnaik et al. 1992). The crucial role of a precise 3’ end
for rhabdovirus RNA rescue was also confirmed by these authors. Con-
structs with short heterologous 3’ extensions or deletions were found en-
capsidated by N protein, but they were not replicated. In contrast, extra
nonviral G residues at the 5" end, introduced to enhance T7 RNA poly-
merase transcription, were shown to be removed rapidly during replica-
tion. Complete infectious DI particles were assembled in cells coexpress-
ing all five VSV proteins, thus allowing for analysis of both cis-acting se-
quences and frans-acting factors.

The use of the HDV ribozyme in combination with T7 expression
turned out to be highly effective also in other virus systems, including
mammalian Rhabdoviridae and Paramyxoviridae (reviewed in Conzel-
mann 1996), Filoviridae (Muhlberger et al. 1998, 1999), fish Rhabdoviri-
dae (Biacchesi et al. 2000b), and even segmented negative-strand RNA
viruses such as the Bunyaviridae or Arenaviridae (Dunn et al. 1995;
Lopez et al. 1995, 2001; Cornu and de la Torre 2001).

5
Lessons from Minigenome Experiments

The availability of effective mini- or model genome systems rapidly al-
lowed experimental confirmation of long-standing hypotheses and also
promoted new knowledge on the biology of Mononegavirales. The mini-
genome systems are particularly well suited to dissect cis-acting se-
quences including promoters, and transcription signals, or RNA editing
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signals. One particular cis-acting “signal” of Paramyxovirinae has only
been revealed by reverse genetics experiments with Sendai virus model
genomes. Laurent Roux and colleagues observed that artificial Sendai vi-
rus genomes replicate much more efficiently when they comprise an ex-
act multimer of six nucleotides in length and established the importance
of the so-called “rule of six” (Calain et al. 1992; Calain and Roux 1993).
The rule of six is presumably a consequence of the association of each N
subunit with exactly six nucleotides, as originally observed by Egelman
et al. (Egelman et al. 1989). Flush N/RNA ends at the terminal promoters
as well as correct N-phasing of internal cis-acting signals is crucial
for efficient RNA synthesis. Intriguingly, the rule of six applies to all
viruses that are able to edit RNAs, that is, the Paramyxovirinae subfami-
ly. Because replication of these viruses may give rise to inadvertently
edited, erroneous genomes, the rule of six may be instrumental in giving
the correct genomes a selective advantage (Hausmann et al. 1996;
Kolakofsky et al. 1998; Vulliemoz and Roux 2001). The rule of six must
thus be taken into account in the design of Paramyxovirinae model gen-
omes, although there are viruses for which the adherence to the rule of
six is less stringent, such as the Rubulavirus SV5 (Murphy and Parks
1997). In contrast to the Paramyxovirinae no such numerical rules seem
to apply to the other Paramyxoviridae subfamily, the Pneumovirinae
(Samal and Collins 1996), or to members of the Filoviridae and Rhab-
doviridae families, although the N protein of VSV has been predicted to
be associated with nine nucleotides (Thomas et al. 1985).

Another important finding with regard to the design of model gen-
omes is that Mononegavirales “holo”promoters are not necessarily al-
ways confined to the nontranslated terminal sequences. Although in all
cases analyzed so far the sequences contained in the nontranslated lead-
er and the leader/first gene junction and trailer regions are sufficient for
all RNA synthesis, including replication and transcription, paramyx-
oviruses may contain additional sequences enhancing the activity of the
terminal “core” promoters. Sequences internal to the N and L coding re-
gions and requiring proper spacing have been shown to enhance replica-
tion of Sendai virus (Tapparel et al. 1998) and SV5 (Murphy et al. 1998;
Keller et al. 2001).

In addition to cis-acting functions, artificial minigenomes have been
used to analyze trans-acting factors relevant to gene expression as well
as virus particle assembly. The former was particularly interesting with
regard to the goal of full-length virus recovery. Intriguingly, for all Rhab-
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doviridae and Paramyxoviridae three proteins, namely, the N, P, and L
proteins, were sufficient to perform both replication of RNPs and tran-
scription of mRNAs. However, in the Paramyxoviridae additional
proteins were identified that are able to modulate RNA synthesis. The
small Sendai virus C proteins (C, C'), which are expressed from an alter-
nate, overlapping open reading frame (ORF) of the P gene mRNA, were
found to have an inhibitory effect on transcription but not on replication
(Curran et al. 1992). C protein coexpression inhibited the amplification
of an internally deleted DI genome but had little or no effect on a 5’
copy-back DI genome (DI-H4). The inhibitory effects of C coexpression
thus appear to be genome promoter specific (Cadd et al. 1996). A more
general inhibitory effect on RNA synthesis in minigenome assays was
described for the Sendai virus V and W proteins, which are expressed
from edited mRNAs (Curran et al. 1991), and the nonstructural (NS)
protein 1 (and NS2 protein) of RSV (Atreya et al. 1998). Interestingly,
both the Sendai virus C and the RSV NS proteins were later identified as
antagonists of interferon function by analyzing the phenotype of recom-
binant viruses {Bossert and Conzelmann 2002; Garcin et al. 1999;
Schlender et al. 2000), suggesting multiple functions of these “accessory”
proteins in virus RNA synthesis and in manipulating the host cell.

A factor positively affecting RNA transcription has been identified in
RSV, namely, the M2-1, protein which is encoded by the upstream ORF
of the M2 gene. Although RSV N, P, and L proteins define the minimal
trans-acting requirements for RNA replication and transcription (Yu et
al. 1995; Grosfeld et al. 1995), M2-1 supports efficient synthesis of full-
length mRNAs as well as synthesis of polycistronic readthrough mRNAs
(Collins et al. 1996; Fearns and Collins 1999; Hardy and Wertz 1998;
Hardy et al. 1999; Sutherland et al. 2001) by an as yet unknown mecha-
nism. The inclusion of M2-1 support plasmids in reverse genetics exper-
iments is thus helpful in improving gene expression from minigenomes
and may also be helpful in recovery of full-length RSV (see below).

An astonishing situation was observed with Filoviridae minigenomes.
For Marburg virus the three nucleocapsid proteins NP, VP35 (corre-
sponding to P), and L were shown to be necessary and sufficient to drive
encapsidation, replication, and transcription of minigenomes. For the
closely related Ebola virus, these three proteins were also sufficient for
minigenome replication but efficient transcription depended on the
presence of a fourth nucleocapsid protein, VP30. Most amazingly, Ebola
virus VP30 could be replaced functionally by Marburg virus VP30
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(Muhlberger et al. 1999). VP30 seems to act exclusively on a stem loop
structure at the 5" end of the first (N) gene, and destruction of this struc-
ture renders transcription of minigenomes VP30 independent. Although
the start sequences of downstream genes predict stem loops in the
mRNAs, transcription of these appears to be VP30 independent (Weik et
al. 2002).

6
Recovery of Infectious Viruses from cDNA: A Positive Approach

The approaches to recovery of infectious viruses could build on a large
body of experiments that have revealed basic requirements and pitfalls
for rescue, replication, and gene expression of minigenomes. Yet it took
some time before the first infectious Mononegavirales, the rabies rhab-
dovirus, was recovered from cDNA in our lab (Schnell et al. 1994). Our
approach involved intracellular expression of rabies virus N, P, and L
protein, along with a full length RNA whose correct 3’ end was generated
by the HDV ribozyme. However, in contrast to approaches in several
other laboratories (for review see Roberts and Rose 1998, 1999), we used
a transcript corresponding to the viral antigenome (positive strand)
rather than to genome sense transcripts. The use of the positive-strand
transcript is critical to avoiding a severe antisense problem raised by the
presence of N, P, and L sequences in full-length RNAs. If negative-strand
transcripts are used, the mRNAs encoding the support proteins N, P,
and L can hybridize to the naked genomic RNA (affecting more than half
of the genome) and prevent the critical assembly of the genome into the
RNP. Starting with the positive-strand, antigenomic transcript, this RNA
can form an RNP without any interference from the mRNAs. Once in
RNP form, the positive strand can be replicated by the cDNA-encoded
support proteins to form full-length minus-strand RNPs that are
wrapped into RNPs as nascent RNA chains and thus are immune to in-
terference from mRNAs. From functional genomic RNPs, an infectious
cycle is then initiated. In addition to preventing RNA encapsidation by
N, the formation of dsRNA hybrids may hamper translation of support
proteins. Moreover, dsSRNAs may turn on interferon expression in trans-
fected cells, resulting in the establishment of an antiviral state.

Within months of the rabies report, successful recoveries of another
rhabdovirus, the Vesiculovirus VSV (Lawson et al. 1995; Whelan et al.
1995), and of different Paramyxoviridae including the Respirovirus Sen-
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dai virus (Garcin et al. 1995), the Pneumovirus RSV (Collins et al. 1995),
and the Morbillivirus measles virus (Radecke et al. 1995) confirmed that
the use of antigenome rather than genome transcripts tips the balance
toward success. Until now, reliable recovery of 18 different Mononegavi-
rales species from cDNA has been published (see Table 1 and references
therein). The spectrum of recombinant species ranges from cold water
fish rhabdoviruses (Johnson et al. 2000; Biacchesi et al. 2000a) to Ebola
virus (Volchkov et al. 2001). By far more are the recombinant virus
strains, chimeras of different strains or species, mutated viruses, and
viruses expressing foreign genes.

Several early studies comparing antigenome to genome RNA rescue
in parallel experiments confirmed absolute failure of genome RNA (Law-
son et al. 1995; Whelan et al. 1995; Radecke et al. 1995). To date there are
two examples of rescue from genome RNA, namely, Sendai virus (Kato
et al. 1996) and HPIV-3 (Durbin et al. 1997). Especially in the former
work, the magnitude of the antisense problem is illustrated. By optimiz-
ing various factors, such as the ratio of support plasmids, and removal
of extra nonviral G residues from the T7 promoter directing transcrip-
tion of the full-length RNA, the rescue efficiency with the antigenome
RNA could be increased to one recovery event in 10*-10° transfected
cells, the highest efficiency yet reported for any Mononegavirales. How-
ever, recovery starting with the negative-strand construct was 100-fold
lower (Kato et al. 1996). Because in this system negative-strand RNA was
synthesized much better than positive-strand RNA, the difference is
probably even greater than 100-fold. An advantage, yet less pronounced,
of starting with cDNA giving rise to antigenome transcripts was also re-
ported for HPIV-3. Virus was recovered in 100% of cultures transfected
with cDNA giving rise to antigenome, whereas genome-directing cDNA
yielded virus in 53% of cultures (Durbin et al. 1997).

7
Variations on a Theme: State-of-the-Art Recovery
of Rhabdoviridae, Paramyxoviridae, and Filoviridae from cDNA

It turned out that only slight, if any, variations of the original robust “ra-
bies” protocol are required for successful recovery of members of the
Mononegavirales. Even a segmented negative-strand RNA virus, Bun-
yamwera virus, has been rescued entirely from cDNA by using intracel-
lular coexpression of antigenome RNAs and support proteins from (vac-
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cinia borne) T7 RNA polymerase-driven plasmids (Bridgen and Elliott
1996). Variations described so far mostly pertain to optimizing tran-
scription of full-length RNA, the source of T7 RNA polymerase, the cells
being used for transfection and /or recovery, and the use of support pro-
teins enhancing the recovery rates.

In summary, if one is able to (a) produce a full-length RNA that corre-
sponds to the viral antigenome RNA, in particular with respect to a cor-
rect 3/, (b) express a minimal set of viral support proteins that can make
this RNA an mRNA-expressing RNP, and (c) provide a (cellular) envi-
ronment supporting assembly of RNPs from RNA and support proteins,
successful virus rescue is most probable.

7.1
Generation of Antigenome-Like RNA:
The Favorite RNA Polymerase and Extra G Residues

For synthesis of defined RNAs in eukaryotic systems bacteriophage RNA
polymerases such as T7 RNA polymerase have great advantages, such as
short specific promoters, defined initiation sites, and termination se-
quences coupled with high processivity. Because these single-polypep-
tide-chain proteins do not need cofactors for enzymatic activity, they
can be easily expressed in a functional form in eukaryotes. Although
SP6 RNA polymerase-expressing vaccinia virus (Usdin et al. 1993) or cell
lines that constitutively express the phage T3 RNA polymerase (Deuschle
et al. 1989) are available, only T7 RNA polymerase has so far been used
for recovery of Mononegavirales (see Table 1). After expression of T7
RNA polymerase in eukaryotic cells, the enzyme is predominantly locat-
ed and active in the cytoplasm (Fuerst et al. 1986; Elroy-Stein and Moss
1990). However, nuclear localization signals can be added to obtain ef-
fective nuclear T7 transcription also (Lieber et al. 1989). Eukaryotic
polymerases, such as Poll, that are also able to produce capless RNAs at
defined initiation sites are being used for expression of RNAs from seg-
mented viruses replicating in the nucleus, such as influenza virus (Fodor
et al. 1999; Hoffmann et al. 2000) and Thogotovirus (Wagner et al.
2001), in combination with Polll or T7 RNA polymerase for expression
of virus support proteins (see chapter by Schmitt and Lamb). Also, Polll
transcripts have been used to recover virus from cDNA (Inoue et al.
2003). As Polll creates capped RNAs with variable 5 ends, the use of a 5
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ribozyme is suggested. Moreover, the system relies on the absence of
cryptic splice sites in the viral RNA.

As few as 17 nucleotides, present in currently used expression plas-
mids, specify a highly efficient T7 RNA promoter (5'-pTAATACGACT-
CACTATAGGG-3'; sense orientation, +1 position of the RNA transcript
underlined). T7 RNA polymerase most efficiently initiates transcription
with GTP on a DNA template containing a CC motif for transcription
initiation (Imburgio et al. 2000; Cheetham and Steitz 2000; Oakley and
Coleman 1977). In this regard, Mononegavirales cDNAs do not represent
the optimal templates, because their RNAs start with an A residue. Yet
some Mononegavirales full-length RNAs are transcribed with satisfying
efficiency with the original A in position +1, such as Sendai virus (Kato
et al. 1996), HPIV-3 (Durbin et al. 1997), or CDV (Gassen et al. 2000). In
others, the addition of one to five G residues has been shown to be nec-
essary, or at least to considerably enhance transcription initiation of
antigenome-like RNAs. It appears that the presence of extra nonviral G
residues at the 5’ end is not largely affecting virus recovery, although di-
rect comparison is difficult because of the resulting different RNA tran-
script levels. As shown for VSV, the extra nucleotides are quickly re-
moved during replication (Pattnaik et al. 1992). It has also been reported
that T7 RNA polymerase transcription of full-length genome RNA is
much less efficient than transcription of antigenome RNA of VSV. This
was attributed to the presence of U-rich sequences of the gene borders
leading to transcription termination (Whelan et al. 1995). On the other
hand, in vitro transcription of full-length Sendai virus genomic RNA
was much more efficient than transcription of antigenomic RNA. In this
case, the latter was reported to terminate aberrantly (Kato et al. 1996).

7.2
Viral Proteins Required to Make Antigenome Infectious:
Support Proteins

As determined in minigenome experiments, the N, P, and L proteins
constitute the necessary and sufficient set of viral proteins bringing
about replication of RNPs and transcription from RNPs of Rhabdoviri-
dae and Paramyxoviridae analyzed so far. According to present knowl-
edge, expression of this set of proteins is also sufficient to recover infec-
tious virus from cDNA. However, this does not necessarily mean that all
these proteins must be provided from a separate support plasmid. As
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first shown for HPIV-3 (Hoffman and Banerjee 1997), and more recently
for the fish Novirhabdovirus IHNV (Biacchesi et al. 2000a), rescue was
achieved after transfection of only P- and L-encoding expression plas-
mids along with the full-length ¢cDNA directing antigenomic RNA, al-
though with reduced efficiency. In these cases, the N protein can be ex-
pressed in sufficient amounts from the antigenome RNA (Hoffman and
Banerjee 1997; Biacchesi et al. 2000a) because the N start codons repres-
ent the first AUG codon in the antigenome sequence. A similar but less
easily explainable situation exists with RSV. The above-described RSV
M2-1 protein, which is a potent transcription elongator and antitermina-
tor, is encoded very far downstream in the RSV genome, at the ninth
gene position. Especially the elongator function strongly advised the in-
clusion of M2-1 as a support protein for virus recovery. Initially, inclu-
sion of an M2-1 expression plasmid was reported to indeed be required
for successful recovery of infectious RSV (Collins et al. 1995). Another
laboratory then reported that only N, P, and L support plasmids were
necessary and, moreover, that inclusion of an M2-1 expression plasmid
did not significantly increase rescue efficiency (Jin et al. 1998). The for-
mer lab then also confirmed rescue after transfection of only N, P, and L
support plasmids, albeit at low efficiency. As also shown in this work,
transfection of the RSV full-length antigenome-encoding cDNA clone
(or of parts containing the M2 ORF) led to M2-1 activity sufficient to
support RSV transcription. Thus an extra M2-1 support plasmid is not
required for virus recovery. A different question that is so far unsolved
is whether M2-1 represents an essential gene product. A recombinant
RSV lacking the M2-1 gene has not been described as yet, presuming,
but not showing, that M2-1 is essential.

Unlike Rhabdoviridae and Paramyxoviridae, and unlike its fellow
Filoviridae family members, minigenome RNA synthesis of Ebola virus
subtype Zaire, Mayinga strain, does not manage well with the three pro-
teins N, P (VP35), and L but rather requires its own VP30 or VP30 of
Marburg virus for effective transcription initiation (Muhlberger et al.
1999). The recent recovery of infectious Ebola virus thus used support
plasmids expressing N, P (VP35), L, and VP30. Omission of any of these
plasmids resulted in a lack of development of CPE in the transfected
BSR-T7/5 cells or in subsequent passages on Vero cells (Volchkov et al.
2001). As determined in minigenome experiments the dependence of
transcription on VP30 correlates with the presence of a certain stem
loop structure at the 5 terminal N mRNA of Ebola Zaire/Mayinga. When
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the structure of this stem loop is disturbed, transcription is VP30 inde-
pendent, as it is most probably for the downstream genes (Weik et al.
2002). It will therefore be interesting to clarify whether the VP30 depen-
dence is specific for this particular isolate and what functions VP30 may
have in other Ebola and Marburg viruses.

Obviously, the authentic homologous support proteins are the prime
choice for rescuing a certain virus. However, with very closely related vi-
rus species, there is the option of using heterologous proteins. Successful
recovery of CDV by using measles virus N, P-, and L-expressing plas-
mids in a vaccinia-driven system was reported recently (Von Messling et
al. 2001). In addition, HPIV-1 could be recovered by using N, P, and L
clones not only from HPIV-1 but also from HPIV-3 or a mixture thereof
(Newman et al. 2002). However, in view of the great efficiency with
which vaccinia virus mediates homologous recombination (Evans et al.
1988; Garcin et al. 1995; Yao and Evans 2001), careful analysis of the
newly generated viruses is needed.

The absolute amounts or ratios of transfected support plasmids used
for cDNA rescue cover a broad range. It appears obvious that the N pro-
tein required for encapsidation of RNA is needed in the most abundant
amounts. Because P acts as a chaperone for N encapsidation (Curran et
al. 1995) and is required for replication (Horikami et al. 1992) high
amounts of P expression plasmids are also being used for transfection.
According to the catalytic functions of the L protein, L-encoding plas-
mids are mostly used in much lower amounts. Because expression of dif-
ferent gene constructs from identical plasmid vectors, and even more
from different vectors, is not equally effective, the plasmid ratios given
in the reports do not necessarily reflect the ratios of proteins expressed.
So it is not surprising if reported ratios for support plasmids N:P:L
range from (rounded) 20:10:1 (Leyrer et al. 1998) to 1:1:2 (Johnson et al.
2000). It is therefore worthwhile to optimize the transfection protocol
for each expression plasmid and expression system used as well as for
each virus to be rescued.
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7.3
Expression Systems for Virus Rescue

7.3.1
Vaccinia Virus and T7 RNA Polymerase, a Working Couple

Systems for transient expression of proteins driven by eukaryotic pro-
moters as well as stable cell lines expressing Mononegavirales support
proteins (Willenbrink and Neubert 1994), T7 RNA polymerase (Deng et
al. 1991; Elroy-Stein and Moss 1990; Lieber et al. 1989), or both (Kaelin
et al. 1994), have long been available. Yet Mononegavirales “rescue” work
was greatly facilitated by the availability of a eukaryotic expression sys-
tem combining advantages of vaccinia virus gene expression and of bac-
teriophage T7 RNA polymerase transcription (Fuerst et al. 1986). In vac-
cinia virus-infected cells vaccinia-encoded enzymes lead to amplification
of transfected plasmids, capping of approximately 30% of RNA tran-
scripts, and polyadenylation of RNAs in the cytoplasm (Fuerst et al.
1986; Fuerst and Moss 1989; Gershon et al. 1991; Yao and Evans 2001).
Thus both effective translation of Mononegavirales support protein from
transfected T7 promoter-driven plasmids and accurate transcription of
genomes or genome analogs is achieved in cells infected with a recombi-
nant vaccinia virus expressing T7 RNA polymerase. Transfection of sep-
arate plasmids each encoding one factor further allows easy optimiza-
tion of protein and RNA ratios. Moreover, the very broad host range of
vaccinia virus makes this a rather universal system, probably applicable
immediately to most Mononegavirales systems.

The prototype vaccinia virus expressing T7 RNA polymerase, vTF7-3,
was developed by Fuerst and colleagues and is based on the “wt” vaccin-
ia strain WR (Fuerst et al. 1986). vTF7-3 has been used successfully for
recovery of infectious Rhabdoviridae, including rabies viruses (Schnell
et al. 1994; Ito et al. 2001), VSV (Lawson et al. 1995; Whelan et al. 1995),
and two species of the Novirhabdovirus genus from fish (Johnson et al.
2000; Biacchesi et al. 2000a), as well as the Paramyxoviridae Sendai virus
(Garcin et al. 1995; Kato et al. 1996; Leyrer et al. 1998; Fujii et al. 2002),
HPIV-3 (Hoffman and Banerjee 1997) and measles virus (Takeda et al.
2000; Fujii et al. 2002).

The robustness and reliability over a broad range of cell culture sys-
tems and conditions of vTF7-3 were illustrated by the successful recov-
ery of fish rhabdoviruses SHRV and IHNV. A Cyprinus carpio cell line
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(EPC) was used for infection with vIF7-3 and transfection of support
plasmids. Permanent incubation at 31°C (Johnson et al. 2000) or even at
14°C after an initial 8-h period at 37°C (Biacchesi et al. 2000a) was suffi-
cient for production of T7 RNA polymerase and support proteins
and resulted in recovery of virus. Although Sendai virion assembly in
vaccinia virus-infected cells is greatly hampered, Kolakofsky and col-
leagues succeeded first in recovering Sendai virus with the vITF7-3 sys-
tem (Garcin et al. 1995). In this case, transfected cells were injected into
the allantoic cavity of embryonated chicken eggs. Subsequent further
passage in eggs resulted in the loss of vaccinia virus and the recovery of
recombinant Sendai virus. These authors experienced the high recom-
binogenic potential of vaccinia virus, in that a genetic marker of the full-
length clone was often replaced by the wild-type sequence originating
from a support protein-encoding plasmid. In an ingenious approach
they took advantage of vaccinia-mediated homologous recombination
(Evans et al. 1988; Yao and Evans 2001) to create a novel virus whose ge-
nome was derived from two independent plasmids (Garcin et al. 1995).

Use of the replication-competent vIF7-3 usually requires that the res-
cued virus be separated from vaccinia virus. This is easily accomplished
by simple physical means, such as filtration, as originally used for rabies
virus (Schnell et al. 1994) or VSV (Lawson et al. 1995) rescue, or by us-
ing inhibitors of vaccinia DNA synthesis, such as 1-B-d-arabinofura-
nosylcytosine (AraC) (Whelan et al. 1995; Garcin et al. 1995; He et al.
1997; Hoffman and Banerjee 1997) or rifampicin (Kato et al. 1996). Also,
inoculation into eggs of transfected cells or supernatant led to the loss of
vIF7-3 and recovery of Sendai virus (Garcin et al. 1995; Kato et al.
1996). If available, cells permissive for the rescued virus but not for
vIF7-3 can be used. For recovery of Bunyamwera virus (although a seg-
mented virus), Bridgen and Elliott (Bridgen and Elliott 1996) took ad-
vantage of this virus growing in mosquito cells. A single passage to mos-
quito cells eliminated vIF7-3. A very comfortable situation exists with
the above-mentioned carp cells used for fish rhabdovirus recovery, be-
cause these cells support vaccinia virus gene expression but do not sup-
port vaccinia propagation (Johnson et al. 2000; Biacchesi et al. 2000a),
so that pure rhabdoviruses can be recovered directly from the transfec-
ted cells.

In addition to vTF7-3, a host range-restricted and highly attenuated
vaccinia virus strain expressing T7 RNA polymerase, based on a modi-
fied vaccinia virus Ankara (MVA), MVA-T7, has been made available
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more recently (Wyatt et al. 1995; Sutter et al. 1995). This virus is unable
to multiply in human and most other mammalian cell lines, with the
amazing exception of baby hamster kidney (BHK) cells (Drexler et al.
1998). Because viral gene expression is unimpaired in nonpermissive
cells, MVA-T7 is an efficient as well as safe vector. There are currently
two MVA-T?7 variants available; T7 RNA polymerase expression is driven
in one by the vv early/late promoter P7.5 (Sutter et al. 1995) and in the
other by the vv late promoter P11 (Wyatt et al. 1995). MVA-T7 has been
used immediately for recovery of the first Pneumovirus, RSV (Collins et
al. 1995), the first Rubulavirus, SV5 (He et al. 1997), HPIV-3 (Durbin et
al. 1997), rinderpest virus (Baron and Barrett 1997), and measles virus
(Schneider et al. 1997). Other virus species followed, including “first”
rescues of mumps virus (Clarke et al. 2000), CDV (Gassen et al. 2000),
HPIV-2 (Kawano et al. 2001), and BPIV-3 (Schmidt et al. 2000).

Other poxviruses may also be a safe alternative to replication-compe-
tent vaccinia virus. Britton et al. (Britton et al. 1996) have generated a
recombinant fowlpox virus, fpEFLT7pol, with the T7 RNA polymerase
gene under the control of the vv early/late promoter P7.5. This virus
supports stable expression of T7 RNA polymerase in both mammalian
and avian cells. Only in the latter are infectious fowlpox viruses generat-
ed. FpEFLT7pol has been successfully used by Peeters et al. for the first
recovery of an avian Paramyxoviridae member, NDV (Peeters et al.
1999). FpEFLT7pol was also successfully used for rescue, in Vero cells, of
a chimeric rinderpest virus with the glycoprotein genes replaced with
those of peste-des-petits ruminants virus (PPRV), for which attempts
with MVA-T7 had failed (Das et al. 2000a). This was attributed to a lower
cytopathogenicity of FpEFLT7pol.

Other viral vectors expressing T7 RNA polymerase and supporting
expression from transfected T7 promoter-driven plasmids have been de-
scribed, such as adenoviruses (Tomanin et al. 1997; Aoki et al. 1998) or
Semliki Forest virus (SFV) (Kohl et al. 1999). The latter was shown to
drive transient expression from transfected plasmids in both insect and
mammalian cells. Cells expressing T7 RNA polymerase from a noncyto-
pathic, selectable Sindbis virus replicon (Frolov et al. 1996) have been
used successfully to express support proteins for RSV minigenomes
(Olivo et al. 1998). Importantly, because these viral systems lack the cy-
toplasmic enzymes for capping (and polyadenylation) of T7 transcripts,
the introduction of an internal ribosome entry site (IRES) preceding the
coding region is required for high-level protein translation.
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7.3.2
Cell Lines Expressing T7 RNA Polymerase and/or Support Proteins

The idea of using the advantages of bacteriophage polymerases for eu-
karyotic gene expression in the absence of infectious (or defective) viral
vectors, such as vaccinia virus, was followed early and has led to the es-
tablishment of stable cell lines expressing T3 RNA polymerase (Deuschle
et al. 1989) or T7 RNA polymerase, which was directed to the nucleus by
adding an NLS (Lieber et al. 1989). For comparison of the vv/T7 system
with a pure cell system, a stable mouse cell line generated in the Moss
lab, which had also previously provided the vTF7-3 system, was particu-
larly useful (Elroy-Stein and Moss 1990). As with vTF7-3, the original T7
RNA polymerase expressed in this cell line was found in the cytoplasmic
compartment and was able to express a reporter gene from transfection
plasmids containing T7 promoter and termination signals. However,
consistent with the absence of RNA-capping activity in the cytoplasm,
effective protein expression was achieved only after the IRES from en-
cephalomyocarditis virus (EMCV) was introduced upstream of the cod-
ing region of the reporter gene, allowing cap-independent translation
(Jang et al. 1989). Nevertheless, this cap-independent transient expres-
sion was increased more than 500-fold when the transfected cells were
also infected with vaccinia virus (Elroy-Stein and Moss 1990). Thus T7
polymerase-expressing cell lines were known not only to provide the op-
portunity to transcribe correct Mononegavirales antigenome-like RNAs
from transfected plasmids but also to express substantial amounts of
Mononegavirales support proteins from IRES-containing plasmids. In
addition, stable cell lines expressing Mononegavirales support proteins
from eukaryotic promoters have been successfully used for Sendai virus
DI propagation (Willenbrink and Neubert 1994).

A cell line expressing T7 RNA polymerase was initially used to recover
the Edmonston vaccine strain of measles virus from cDNA (Radecke et
al. 1995). In a human embryo kidney cell line, 293-3-46, both T7 RNA
polymerase and measles virus support proteins N and P were expressed
from a cytomegalovirus (CMV) promoter. Transfection of plasmids
specifying antigenomic RNA and MeV L mRNA allowed rescue of Ed-
monston virus, as directly monitored by syncytia formation in approxi-
mately 30% of the transfected cell culture wells (Radecke et al. 1995). S.
Udem and colleagues later showed that rescue efficiency in 293-3-46
cells was increased by two- to threefold by heat shock treatment of the
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transfected cultures. Another 20-fold increase was observed after addi-
tional cocultivation of Vero cells (Parks et al. 1999). The importance of
having the appropriate cells for virus recovery available was illustrated
in a report from Masato Tashiro’s group, who tried to recover the patho-
genic measles virus strain IC-B. Whereas IC-B was readily recovered in
B95a cells infected with vTF7-3 and transfected with support plasmids,
recovery in 293-3-46 cells failed. Only after coculture with B95a cells
could virus be recovered (Takeda et al. 2000). To complete the story,
measles virus Edmonston virus has also been recovered in the MVA-T7
system (Schneider et al. 1997), making measles virus the record species
with respect to the different expression systems used for recovery from
cDNA.

Another cell line expressing T7 RNA polymerase and currently in use
for virus recovery is based on BSR cells, a BHK clone, which have previ-
ously been used for vIF7-3-driven recovery of rabies virus (Schnell et al.
1994). The BSR-T7/5 cell line was selected in our lab from approximately
300 geneticin-resistant clones of BSR transfected with pSC6-T7-NEO
(kindly provided by M. Billeter) encoding the T7 RNA polymerase gene
under control of the CMV promoter and a neomycin resistance gene for
its ability to efficiently express rabies virus N protein from a transfected
plasmid (Buchholz et al. 1999). BSR T7/5 cells were first used in our lab
for recovery of BRSV (Buchholz et al. 1999) and then also for different
rabies viruses (Finke and Conzelmann 1999) including “designer” am-
bisense gene expression rabies viruses (Finke and Conzelmann 1997).
One particular advantage of BSR T7-5 in virus rescue is their inability to
express type I interferon, such that even completely interferon-sensitive
viruses, such as BRSV lacking the NS1 and/or NS2 gene (Schlender et al.
2000), or partially interferon-resistant viruses, such as chimeric BRSV
with HRSV NS genes (Bossert and Conzelmann 2002) could easily be
rescued and propagated. In other laboratories, the BSR T7-5 cell line
has been used for successful recovery of VSV (Harty et al. 2001), NDV
(Romer-Oberdorfer et al. 1999), and also Ebola virus (Volchkov et al.
2001) from transfected cDNA. '

8
Rescue of Mutant and Designer NNSV

The use of cDNA-derived RNA transcripts corresponding as closely as
possible to the infectious virus’s RNA is the most straightforward ap-
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proach to recovery and the choice for optimizing rescue systems. Once a
reliable system is established, the range of possibilities for “genetical
manipulation” of Mononegavirales is in fact enormous. During the past
years, recombinant viruses have been generated that are only subtle vari-
ants of their parents, for example, by introducing point mutations, but
also heavily designed viruses that have never existed in nature before.
Because the Mononegavirales recovery systems do not depend on helper
virus, recovery of even severely debilitated virus is possible. The basis
for the enormous potential in flexibility and stability of recombinant
Mononegavirales stems in particular from their modular genome organi-
zation, their simple and efficient gene expression strategy, and the high
stability of their genetic information. The latter is at least in part due to
the characteristic structures of Mononegavirales RNPs, which make re-
combination and elimination of nonessential sequences rare events.
Here, only a very short digest of approaches is given. More details and
examples can be found in the other chapters of this volume dealing
with certain aspects of Mononegavirales biology, such as the chapter by
Whelan et al. (replication and transcription), and the chapters by
Schmitt and Lamb, Nagai and Kato, Garcia-Sastre, von Messling and
Cattaneo, and Subbarao and Katz (glycoproteins, accessory proteins, in-
terferon antagonists, vaccine vectors, and attenuated vaccines, respec-
tively) in this volume.

8.1
Attenuating Viruses by Mutations, Gene Deletions,
Genome Reorganization and Insertion of Foreign Genes

Most mutations introduced into the full-length cDNA clones will change
some aspect of the virus, and probably the overwhelming number of
them will be attenuating. The identification of mutations attenuating vi-
rus in vivo without reducing their capacity of replication in cell culture
is the prime goal in live vaccine development. Of recombinant Monone-
gavirales, RSV is the virus most extensively modified to generate live
vaccines. Mutations previously identified in classically attenuated virus-
es such as temperature-sensitive (ts) or cold-passaged (cp) isolates can
now be transferred, combined, and analyzed in defined recombinant
backgrounds (for a recent overview on RSV mutants, see Collins and
Murphy 2002). Such mutated viruses may also help to identify virus pro-
tein functions and their interaction with host cell factors.
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Gene deletions or mutations that prevent the expression of a certain
gene product have identified accessory genes/proteins in Mononegavi-
rales not needed for virus replication in cell culture but important in
vivo. In particular, the identification of Mononegavirales IFN antagonists
is a current topic in reverse genetics (for review, see Young et al. 2000;
Garcia-Sastre 2001; Gotoh et al. 2001) and certainly is of great relevance
to attenuated vaccine development. The C proteins of Respirovirus
(Sendai virus and HPIV-3) and V proteins of Rubulavirus (SV5, SV41,
mumps virus, and HPIV2) have been shown to prevent the IFN response
by inhibiting IFN signaling (Parisien et al. 2001; Gotoh et al. 1999, 2001;
Basler et al. 2000; Didcock et al. 1999; Garcin et al. 1999). In addition,
the V proteins of SV5 and other Paramyxovirinae inhibit interferon in-
duction by preventing NF-xB and IRF-3 activation. The highly con-
served C-terminal cysteine-rich domain of the V proteins is required for
this function (Poole et al. 2002). Also, Ebola virus VP35 (P) affects IFN
induction (Basler et al. 2000). Finally, RSV NSI and NS2 proteins have
been shown to cooperatively mediate a complete interferon resistance
without affecting IFN signaling (Schlender et al. 2000; Bossert and
Conzelmann 2002). With respect to recovery of such interferon-sensitive
viruses from cDNA the use of cells that lack intact interferon systems is
suggested, such as Vero or BHK.

The modular nature of Mononegavirales genomes, made up of a suc-
cession of mostly monocistrons, and the well-defined transcription sig-
nals at the gene borders make it easy to engineer additional genes into a
virus. A multiplicity of foreign sequences have been expressed, including
reporter genes making it easy to follow virus traces in their hosts, for-
eign antigens derived from other viruses such as HIV or HCV, and genes
for cellular proteins such as cytokines and growth factors. Because of
the typical transcription gradients, adjustment of the rate of foreign gene
expression is easily achieved by selecting a more up- or downstream lo-
cation. Even the 3’ promoter-proximal position has been used (Hasan et
al. 1997), although this attenuates transcription of the abundantly need-
ed N protein. Expression levels can be further fine-tuned by modified
transcription signals that differ in their ability to direct restart or read-
through (Finke et al. 2000; He and Lamb 1999). Because the relative po-
sition of a gene to the 3’ terminal promoter determines its level of tran-
scription, changing the gene order also leads to viruses with altered phe-
notypes. Stepwise translocation of the N gene of VSV downstream re-
sulted in stepwise attenuation of VSV (Wertz et al. 1998). This strategy
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can also be exploited to increase the expression of major protective anti-
gens, such as moving the RSV G and F genes to more 3’ proximal posi-
tions (Collins and Murphy 2002). An approach allowing the expression
of multiple genes without disturbing the expression of virus genes in-
volved the generation of “ambisense” gene expression viruses. On ex-
change of the rabies virus and Sendai virus antigenome promoter for
replication with that of the transcriptionally active genome promoter,
expression of genes from the antigenome RNP was possible (Finke and
Conzelmann 1997; Le Mercier et al. 2002).

8.2
Chimeric Viruses, Envelope Switching, and Retargeting

NNSV carrying novel proteins in their envelopes may have a role to play
as particulate vaccines and as targetable gene delivery vectors. Early ex-
periments with recombinant rhabdoviruses lacking the single glycopro-
tein G gene confirmed that rhabdovirus particle formation does not re-
quire G, although in the presence of G budding efficiency is increased
approximately 30-fold (Mebatsion et al. 1996). The major driving force
for rhabdovirus budding is indeed the M protein surrounding a con-
densed helical RNP (Mebatsion et al. 1999), as also determined by analy-
sis of a rabies virus gene deletion mutant. Such deletion of essential
genes requires that the lacking product be supplied in trans, either by
stable cell lines or transiently. An easy way for recovery is by simply ex-
pressing the missing gene along with the support proteins in T7 RNA
polymerase-expressing cells by transfection of additional plasmids, as
described for the above rhabdoviruses, and propagation of the “pseudo-
typed” viruses in cell lines providing the protein, as described for Sendai
virus F deletion mutants (Li et al. 2000). Interestingly, heterologous
glycoproteins not only from Mononegavirales but also other viruses,
such as HIV Env, or from cells are incorporated in functional form into
the envelope of rhabdoviruses. In the absence of G this leads to com-
pletely retargeted viruses and/or viruses presenting foreign antigens.
(Mebatsion and Conzelmann 1996; Mebatsion et al. 1997; Schnell et al.
1996, 1997; Johnson et al. 1997; Kretzschmar et al. 1997; Kahn et al.
1999). Also, recombinant measles virus and RSV have been described
having the VSV G gene as a substitute for their own envelope protein
genes (Spielhofer et al. 1998; Oomens et al. 2003). Approaches to retarget
measles also include fusion of receptor ligands to the H protein se-
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quence, resulting in a broadened host cell spectrum (Schneider et al.
2000; Hammond et al. 2001). Chimeric viruses with glycoprotein from
related species have been described for other paramyxoviruses, such as
human or bovine PIV-3, with reciprocal exchanges of the F and HN
genes (Schmidt et al. 2000), PIV-1 with F and HN from PIV-1, rinderpest
virus with peste-des-petits-ruminants F and H glycoproteins, or bovine
RSV with G and F from human RSV or bovine PIV-3 glycoproteins
(Buchholz et al. 2000; Stope et al. 2001). These approaches are mostly
used to restrict the host range of live vaccines.

NNSVs constitute a rich source of viruses and virus functions from
which generation of biomedical tools by reverse genetics is now possi-
ble. The exceptional propensity of recombinant NNSV to accommodate
functions of other viruses is already being exploited to create really nov-
el artificial viruses are of great value. It is predicted that the overwhelm-
ing majority of such novel viruses will be unable to compete with natu-
rally selected viruses in any respect. Nevertheless, it is imperative that
appropriate care be taken, as with chimeric DNA and positive-strand
RNA viruses.
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Abstract Reverse genetics is defined as the generation of virus entirely
from cloned cDNA. For negative-sense RNA viruses, whose genomes are
complementary to mRNA in their orientation, the viral RNA(s) and the
viral proteins required for replication and translation must be provided
to initiate the viral replication cycle. Segmented negative-sense RNA
viruses were refractory to genetic manipulation until 1989. In this chap-
ter, we review developments in the reverse genetics of segmented nega-
tive-sense RNA viruses, beginning with the in vitro reconstitution of vi-
ral polymerase complexes in the late 1980s and culminating in the gener-
ation of Bunyamwera and influenza virus entirely from plasmid DNA al-
most a decade later.

1
Introduction

In the late 1970s, the advent of recombinant DNA technology opened the
door for the conversion of viral RNA genomes into cDNA clones that
can be modified at will by site-directed mutagenesis. This ability soon
translated into the de novo synthesis of positive-sense RNA viruses, in
which the naked RNA is infectious. Hence, transfection of cells with in
vitro-transcribed viral RNA or with a plasmid containing a full-length
cDNA copy of the viral genome that is transcribed intracellularly initi-
ates viral replication. The first successful attempt to generate an RNA vi-
rus from cloned cDNA was reported in 1978 for the bacteriophage Qp
(Taniguchi et al. 1978). Generation of the first animal virus, poliovirus,
from cloned cDNA was reported in 1981 (Racaniello and Baltimore
1981). Infectious clones have since been obtained for a large number of
positive-sense RNA viruses (reviewed in Boyer and Haenni 1994).

The genomes of negative-sense RNA viruses are complementary to
messenger RNA in their orientation and therefore are not infectious by
themselves. To initiate viral replication, negative-sense RNA viruses rely
on virion-packaged RNA-dependent RNA polymerase, which transcribes
negative-sense viral RNA (VRNA) into positive-sense mRNA. Re-
searchers therefore faced the challenge of providing the vVRNA together
with components of the viral polymerase complex and the nucleoprotein
(which encapsidates the vRNA). In 1989, Luytjes et al. (1989) described
the first system for the modification of a negative-sense RNA virus, ex-
emplified by the introduction of a ninth segment (encoding a reporter
gene) into the influenza viral genome. This advance was quickly fol-
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lowed by the generation of an influenza virus containing a mutation in
one of the viral gene segments (Enami et al. 1990). The generation of a
negative-sense RNA virus entirely from cloned cDNA was not achieved
until 1994, when Schnell et al. (1994) produced rabies virus, a nonseg-
mented negative-sense RNA virus belonging to the family Rhabdoviri-
dae. A plasmid containing a full-length cDNA copy of the viral antige-
nome, controlled by the bacteriophage T7 RNA polymerase promoter,
was transfected into cells that expressed T7 RNA polymerase, provided
from recombinant vaccinia virus. The components of the viral polymer-
ase complex and the NP protein were provided from protein expression
plasmids, all controlled by the T7 RNA polymerase promoter. The report
by Schnell et al. (1994) was soon followed by the generation of nonseg-
mented negative-sense RNA viruses of the Rhabdoviridae, Paramyxoviri-
dae, and Filoviridae families (Collins et al. 1995; Garcin et al. 1995;
Lawson et al. 1995; Radecke et al. 1995; Whelan et al. 1995; Kato et al.
1996; Baron and Barrett 1997; Durbin et al. 1997; He et al. 1997; Hoffman
and Banerjee 1997; Schneider et al. 1997; Buchholz et al. 1999; Peeters et
al. 1999; Romer-Oberdorfer et al. 1999; Clarke et al. 2000; Gassen et al.
2000; Haller et al. 2000; Krishnamurthy et al. 2000; Takeda et al. 2000;
Kawano et al. 2001; Volchkov et al. 2001; Neumann 2002).

Producing segmented negative-sense RNA viruses from cloned cDNA
is even more challenging because more than one genomic RNA must be
provided. In 1996, Bridgen and Elliott (1996) generated a member of the
Bunyaviridae family, characterized by a genome consisting of three seg-
ments of negative-sense viral RNA, entirely from cloned cDNA. The de
novo synthesis of influenza virus, which comprises eight segments of
negative-sense viral RNA, was finally accomplished in 1999 (Fodor et al.
1999; Neumann et al. 1999). In this chapter, we summarize developments
in the reverse genetics of segmented negative-sense RNA viruses, begin-
ning with the in vitro reconstitution of viral polymerase complexes in
the late 1980s and culminating in the generation of influenza virus en-
tirely from plasmid DNA a decade later.

2
In Vitro Reconstitution of Influenza Virus
Ribonucleoprotein Complexes

The minimal influenza virus replication unit, the viral ribonucleoprotein
(VRNP) complex, is composed of three polymerase subunits (PB2, PB1,
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and PA), nucleoprotein (NP), and viral RNA. Enzymatically active vRNP
complexes were first isolated from purified virus (Plotch et al. 1981) and
later from infected cells (Beaton and Krug 1986). During the next several
years, methods were established to purify the individual components of
vRNP complexes, followed by their in vitro reconstitution. Honda et al.
(1987) first purified vVRNP complexes by glycerol gradient centrifugation
and then applied a discontinuous cesium chloride-glycerol gradient to
separate the NP from the RNA polymerase-RNA fraction. The latter can
be further separated into polymerase proteins and vRNA by cesium tri-
fluoroacetate gradient centrifugation (Honda et al. 1988, 1990).

Parvin et al. (1989) first reconstituted synthetic viral RNA into func-
tional vRNP complexes. Plasmid DNA encoding short model influenza
viral RNA encompassing the genomic termini was transcribed in vitro
from the T7 RNA polymerase promoter and the resulting RNA transcript
was then mixed with purified polymerase and NP proteins, leading to
functional vVRNP complexes. More importantly, this reconstitution sys-
tem allowed the synthesis of full-length viral transcripts from purified
viral RNA, or from in vitro-synthesized viral transcripts. In a different
approach, purified RNP cores were treated with micrococcal nuclease to
deplete the viral RNA (Seong and Brownlee 1992; Seong et al. 1992). The
micrococcal nuclease-treated complexes were then mixed with in vitro-
synthesized short model RNAs to reconstitute VRNP complexes.

3
Cell Culture Systems to Study Influenza Virus Replication

Huang et al. (1990) assembled RNP complexes from purified polymerase
and NP proteins and an in vitro-synthesized virus-like RNA that con-
tained the reading frame for the reporter gene chloramphenicol-acetyl-
transferase (CAT) flanked by the nontranslated regions of the NS seg-
ment. The in vitro-assembled RNP complexes were transfected into cells
infected with recombinant vaccinia virus expressing the NP and poly-
merase proteins. CAT expression demonstrated the in vivo formation of
functional RNP complexes that replicated and transcribed the virus-like
RNA.

For the intracellular reconstitution of vRNP complexes, the polymer-
ase and NP proteins can be provided by recombinant vaccinia virus
(Huang et al. 1990), recombinant simian virus 40 (de la Luna et al.
1993), or cell lines stably expressing these proteins (Kimura et al. 1992)
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or from protein expression plasmids controlled by the T7 RNA polymer-
ase promoter (Mena et al. 1994). For most of these systems, the VRNA
was provided by transfection of in vitro-assembled vVRNP complexes;
however, transfected naked viral RNA was also found to initiate viral
replication and transcription (de la Luna et al. 1993; Mena et al. 1994).
These systems opened the door to study of all aspects of viral replication
intracellularly. The downside of providing the viral polymerase and NP
proteins from protein expression systems is that the ratios among the vi-
ral proteins may not be identical to those in infected cells, which may
affect the fine-tuning of viral replication.

4
Ribonucleoprotein Transfection Method

In 1989, Luytjes et al. (1989) devised the first system to modify the ge-
nome of a negative-sense RNA virus, influenza virus (Fig. 1A). These au-
thors generated a plasmid containing the T7 RNA polymerase promoter,
a cDNA encoding the 5 nontranslated region of the influenza A virus NS
segment, the coding region for CAT in antisense orientation, a cDNA en-
coding the 3’ nontranslated region of the NS segment, and a recognition
site for a restriction endonuclease to generate the 3’ ends of viral tran-
scripts. In vitro transcription by T7 RNA polymerase thus yielded a vi-
rus-like transcript (encoding CAT) with authentic influenza virus 5’ and
3’ ends. The addition of purified NP and polymerase proteins allowed
the formation of VRNP complexes that were subsequently transfected
into eukaryotic cells. Before or after VRNP transfection, cells were infect-
ed with influenza helper virus to provide the remaining viral RNA seg-
ments. CAT expression in RNP-transfected and helper virus-infected
cells verified the amplification of virus-like RNA by the viral polymerase
complex. Virus-like RNAs encoding CAT were packaged into progeny vi-
rus particles, as demonstrated by expression of the reporter gene in cells
infected with supernatant derived from RNP-transfected and helper vi-
rus-infected cells. However, CAT expression was greatly reduced after
three passages in cell culture, indicating that the additional segment en-
coding CAT was not stably maintained.

Using the RNP transfection method, Enami et al. (1990) generated an
influenza virus containing a viral gene segment derived from cloned
cDNA. In Madin-Darby bovine kidney (MDBK) cells, the NA gene of
A/WSN/33 virus renders viral replication independent of trypsin. By
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Fig. 1A-C Reverse genetics systems for the modification of influenza virus. A RNP
transfection method. In vitro-synthesized viral RNA is mixed with purified polymer-
ase and NP proteins to reconstitute vRNP complexes. Artificially assembled vRNP
complexes are transfected into eukaryotic cells that are infected with influenza help-
er virus to provide the remaining seven vRNPs. B RNA polymerase I system for the
de novo synthesis of influenza virus. Viral cDNAs are cloned in negative-sense orien-
tation between RNA polymerase I promoter and terminator sequences, and after
transfection of the resulting constructs into eukaryotic cells, VRNAs are synthesized
by the cellular enzyme RNA polymerase I. The polymerase and NP proteins are pro-
vided from protein expression plasmids. C RNA polymerase I/II system. Viral cDNAs
are cloned in negative-sense orientation between RNA polymerase I promoter and
terminator sequences, and the resulting cassette is flanked by a RNA polymerase II
promoter and polyadenylation signal in positive-sense orientation. In eukaryotic
cells, both VRNA and mRNA are synthesized from the same template, eliminating
the need for protein expression constructs

contrast, viruses containing NA genes derived from other human strains
and HAs uncleavable by ubiquitous proteases (e.g., furin) rely on the
addition of trypsin for their amplification. When MDBK cells were
transfected with artificially assembled vRNP complexes encoding the
A/WSN/33 NA protein, and infected with helper virus encoding NA de-
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rived from a different virus, recombinant viruses containing the
A/WSN/33 NA gene were selected in the absence of trypsin.

A variation of the RNP transfection method used micrococcal nucle-
ase-treated RNP complexes that were incubated with in vitro-synthe-
sized VRNA encoding CAT. Transfection of in vitro-reconstituted vRNP
complexes, followed by influenza helper virus infection, resulted in CAT
expression in infected and transfected cells (Kim et al. 1997).

The RNP transfection method allowed the generation of transfectant
influenza viruses containing a gene derived from cloned cDNA. Selection
of the transfectant virus against the background of (wild type) helper vi-
rus required that strong selection systems be established. Thus selection
systems based on temperature sensitivity (Enami et al. 1991; Yasuda
et al. 1994; Li et al. 1995), host-range restriction (Enami et al. 1990;
Subbarao et al. 1993), antibody selection (Enami and Palese 1991;
Horimoto and Kawaoka 1994; Barclay and Palese 1995; Rowley et al.
1999), or drug resistance (Castrucci and Kawaoka 1995) were developed
to genetically modify the influenza A virus PB2 (Subbarao et al. 1993),
HA (Enami and Palese 1991; Horimoto and Kawaoka 1994), NP (Li et al.
1995), NA (Enami et al. 1990), M (Castrucci and Kawaoka 1995), and NS
(Enami et al. 1991) segments, as well as the influenza B virus HA
(Barclay and Palese 1995) and NA (Rowley et al. 1999) segments. Al-
though these systems were technically demanding, resulting in a low rate
of recovery of the transfectant viruses, they conferred the ability to alter
the influenza virus genome, thus contributing significantly to our under-
standing of this virus.

5
A System for the Mutagenesis of Any Influenza Virus Gene Segment

Enami et al. (2000) established a system for the mutagenesis of any in-
fluenza virus gene segment. Purified VRNP complexes were incubated
with cDNA of the target segment to form an RNA-DNA hybrid, which
was digested with RNaseH. VRNP complexes depleted of the target VRNA
were then mixed with in vitro-synthesized, genetically modified viral
target RNA. Transfection of the full set of influenza A vRNPs into eu-
karyotic cells yielded transfectant viruses. This approach does not re-
quire selection systems, but it is quite technically demanding and has
therefore not been adopted by other laboratories.
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6
RNA Polymerase I System

The systems described so far rely on the in vitro reconstitution of influ-
enza virus RNP complexes. However, in vitro RNA synthesis, in vitro
RNP reconstitution, and RNP transfection are all technically demanding,
inefficient, or both; hence, strategies were pursued to generate influenza
virus RNA intracellularly. In contrast to most other negative-sense RNA
viruses, influenza virus replicates in the nucleus of infected cells. Conse-
quently, the intracellular synthesis of viral RNA requires not only the
generation of full-length transcripts with authentic 5" and 3’ ends, but
also their localization to the cell nucleus. This goal was achieved in 1993,
when the RNA polymerase I system for influenza vRNA synthesis was es-
tablished (Zobel et al. 1993; Neumann et al. 1994). RNA polymerase I
transcribes ribosomal RNA (rRNA) in the nucleus of eukaryotic cells.
Because RNA polymerase I transcripts do not contain 5’ cap or 3’ polyA
structures, it seemed feasible to use this enzyme for the nuclear synthe-
sis of (noncapped and nonpolyadenylated) influenza viral RNAs. This
concept was tested by generating a plasmid that contained the coding re-
gion for HA or CAT (in antisense orientation) flanked by the 5’ and 3’
noncoding regions of HA; this cassette was then fused to RNA polymer-
ase I promoter and terminator sequences (Zobel et al. 1993; Neumann et
al. 1994). In vitro and in vivo studies demonstrated the RNA polymerase
I-driven synthesis of full-length viral transcripts from such a plasmid.
The viral RNA transcripts were not only replicated and transcribed by
the viral polymerase complex but also became packaged into virions on
infection with influenza helper virus.

In 1996, Pleschka et al. (1996) devised an entirely plasmid-driven
minireplicon system. The original RNA polymerase I system was first
modified by replacing the RNA polymerase I terminator with the hepati-
tis delta ribozyme. Cotransfection of an RNA polymerase I-ribozyme
construct encoding CAT in antisense orientation, together with protein
expression plasmids for the NP and polymerase proteins, resulted in
CAT expression. This approach also allowed the generation of transfec-
tant influenza virus containing the NA gene derived from cloned cDNA
(Pleschka et al. 1996).
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7
Generation of Influenza A Virus Entirely
from Plasmids—RNA Polymerase I System

Influenza A virus was finally generated entirely from plasmids in 1999,
with the RNA polymerase I system (Fig. 1B; Fodor et al. 1999; Neumann
et al. 1999). Neumann et al. (1999) cloned cDNAs encoding all eight seg-
ments of A/WSN/33 virus in negative orientation between RNA polymer-
ase I promoter and terminator sequences. On transfection of the eight
resulting plasmids into 293T (human embryonic kidney) cells, nuclear
RNA polymerase I transcribed negative-sense influenza viral RNAs. The
proteins required for transcription and replication of the vRNAs (i.e.,
the nucleoprotein NP and the polymerase proteins PB2, PB1, and PA)
were provided from cotransfected protein expression constructs, con-
trolled by the chicken f-actin promoter. Hence, this approach required
cotransfection of 12 plasmids. In an alternative strategy, cells were co-
transfected with protein expression plasmids for all nine viral structural
proteins (i.e., PB2, PB1, PA, HA, NP, NA, M1, M2, and NS2), together
with eight RNA polymerase I plasmids for vRNA synthesis, resulting in
the cotransfection of 17 plasmids. Nonetheless, more than 107 infectious
viruses per milliliter of supernatant were produced (Neumann et al.
1999). Since the initial report, the efficiency of virus recovery has been
further improved, now allowing one to routinely generate more than 10®
infectious viruses per milliliter of supernatant derived from transfected
cells.

Fodor et al. (1999) reported a similar approach for the de novo syn-
thesis of influenza virus. In their system, all eight viral RNAs were syn-
thesized from plasmids containing the RNA polymerase I promoter and
the hepatitis delta ribozyme. Transfection of Vero cells with all eight
RNA polymerase I-ribozyme constructs, and with protein expression
constructs for the NP and polymerase protein (controlled by the adeno-
virus type 2 major late promoter), yielded infectious influenza virus.

With these advances, the once-unattainable goal of generating influ-
enza virus entirely from cloned ¢cDNA had become a reality. The tools
were now available to alter the genome of influenza A viruses without
any technical limitations. The RNA polymerase I system is undemanding
and straightforward, because it requires only DNA cloning, DNA purifi-
cation, and DNA transfection techniques, which are widely established
in molecular biology and virology laboratories. Because this system is
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entirely plasmid based, helper virus infection and cumbersome selection
of transfectant viruses are no longer required. Despite the fact that at
least 12 plasmids are required for influenza A virus generation, this ap-
proach is the most efficient reverse genetics system for negative-sense
RNA viruses described to date, allowing the generation of a spectrum of
viruses, even those with severe growth defects.

8
The RNA Polymerase I/II System
for the Generation of Influenza A Virus

Hoffmann et al. (2000a,b) devised a modified RNA polymerase I system
that reduced the number of plasmids required for influenza virus gener-
ation from 12 to 8 (Fig. 1C). In this approach, cDNAs encoding viral
RNAs are inserted in positive-sense orientation between an RNA poly-
merase II promoter and a polyadenylation signal. This cassette is then
inserted in negative-sense orientation between the RNA polymerase I
promoter and terminator sequences. Hence, capped and polyadenylated
mRNAs for the expression of proteins (synthesized by RNA polymerase
II) and the negative-sense VRNAs (synthesized by RNA polymerase I)
are generated from the same template. Consequently, influenza virus can
be generated from eight RNA polymerase I/II plasmids that direct the
synthesis of both vRNA and mRNA. The RNA polymerase I/II system
may prove advantageous for virus generation in cell lines that cannot be
efficiently transfected with 12 plasmids. On the other hand, the flexibili-
ty of virus generation is reduced, because both protein expression and
VRNA synthesis are achieved from the same template. For example, the
generation of virus-like particles lacking one viral gene segment (see be-
low) is not feasible with this approach. Nonetheless, the RNA polymer-
ase I/II system provides an alternative approach to the de novo synthesis
of influenza viruses.

9
Robustness of the RNA Polymerase I System

Early reports on RNA polymerase I transcription suggested that both the
promoter and terminator elements extend into the transcribed region
(reviewed in Paule 1998). Replacement of the ribosomal DNA template
with heterologous templates might therefore impair the accuracy and/or
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efficiency of transcription initiation or termination, or perhaps both.
However, the RNA polymerase I transcription system has been used for
the synthesis of influenza virus (Fodor et al. 1999; Neumann et al. 1999),
Thogotovirus (Wagner et al. 2000, 2001), and Uukuniemi virus-like tran-
scripts (Flick and Pettersson 2001), demonstrating that the RNA poly-
merase I promoter up to the transcription initiation site and the con-
served terminator element are sufficient for the synthesis of authentic vi-
ral transcripts.

For RNA polymerase I transcription, species specificity is conferred
by a transcription initiation factor that binds to the RNA polymerase I
promoter (reviewed in Paule 1998). This specificity might limit the use
of the system to cell lines derived from the organism from which the
promoter and terminator sequences were obtained. However, the human
RNA polymerase I promoter is functional not only in human cells, such
as the 293T cell line (Neumann et al. 1999; Hoffmann and Webster,
2000), but also in African green monkey kidney cells such as COS-1
(Hoffmann and Webster 2000) or Vero (Fodor et al. 1999). The mouse
RNA polymerase I promoter has so far been used in mouse fibroblasts
cell lines (e.g., B82 or NIH3T3 cells) (Neumann et al. 1994), as well as in
baby hamster kidney (BHK21) cells (Flick and Pettersson 2001). More-
over, the RNA polymerase I promoter and terminator elements are func-
tional when derived from closely related organisms. Influenza A virus
generation was achieved with a human RNA polymerase I promoter,
whereas the terminator element was of murine origin (Neumann et al.
1999). With the availability of both human and murine RNA polymerase
I transcription cassettes, a number of commonly used cell lines can be
exploited for RNA polymerase I-based experiments.

The A/WSN/33 virus, the first influenza virus to be generated entirely
from plasmids (Fodor et al. 1999; Neumann et al. 1999), has an extensive
history of growth in mice and in cell culture. Subsequent generation of
viruses with a limited growth history in cell culture, such as A/Udorn/72
(Takeda et al. 2002) or A/Memphis/8/88 (Hatta et al. 2002), as well as virus-
es derived from humans (e.g., A/Hong Kong/483/97 and A/Hong Kong/
486/97) (Hatta et al. 2001) or animal species (e.g., A/Teal/HK/W312/97)
(Hoffmann et al. 2000b) or A/Mallard/New York/6750/78 (Hatta et al.
2002), demonstrated the robustness of the RNA polymerase I systems for
influenza virus generation.
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10
Generation of Virus-like Particles

With the new-found ability to generate influenza viruses, researchers be-
gan to explore the use of virus-like particles (VLPs), that is, particles
lacking one or more genome segments, for vaccine and gene delivery
purposes. Because these VLPs lack the coding information for one or
more viral structural proteins, they do not permit the generation of in-
fectious progeny viruses. VLPs can be generated by expressing all viral
structural proteins and a virus-like RNA encoding a reporter gene (Mena
et al. 1996; Gomez-Puertas et al. 1999; Neumann et al. 2000b). Neumann
et al. (2000b) generated VLPs that contained seven VRNAs, excluding the
NS vRNA. In the absence of the NS segment, which encodes the NS1 and
NS2 proteins, vVRNPs were retained in the nucleus. Further studies with
an NS vRNA encoding NS1, but not NS2, identified a critical role for
NS2 in vRNP nuclear export (Neumann et al, 2000a). These findings
confirmed in vitro studies by O’Neill et al. (1998) that implicated NS2 as
the viral nuclear export factor. Watanabe et al. (2002) demonstrated the
potential use of VLPs lacking the NS2 coding region as a vaccine.

11
Reverse Genetics of Thogotovirus

Thogotovirus is a tick-transmitted member of the family Orthomyx-
oviridae, whose genome comprises six segments of negative-sense
VRNA. As in early studies with influenza A virus, Thogotovirus re-
searchers first focused on the in vitro and in vivo reconstitution of vVRNP
complexes. Detergent-lysed virions were subjected to cesium chloride-
glycerol gradients to obtain RNP fractions devoid of vVRNA (Gomez-
Puertas et al. 2000). Incubation of these fractions with Thogotovirus-like
RNA reconstituted VRNP complexes that were transfected into Thogo-
tovirus-infected cells, where replication of the Thogotovirus-like RNA
proved the reconstitution of functional VRNP complexes. Weber et al.
(1998) provided the viral NP and polymerase proteins, as well as a virus-
like RNA encoding CAT, from plasmids. CAT expression demonstrated
the in vivo formation of VRNP complexes and confirmed that the NP
and polymerase proteins are sufficient for replication of a Thogotovirus
model RNA. In the next step, the virus-like RNA was packaged into VLPs
generated by coexpression of all viral structural proteins (Wagner et al.



Reverse Genetics Systems for the Generation of Segmented Negative-Sense 55

2000). These successes stimulated the production of Thogotovirus from
cloned cDNA in 2001 (Wagner et al. 2001), with the RNA polymerase I
system for the synthesis of all six genomic viral RNAs and the vaccinia
virus-T7 RNA polymerase system for expression of the structural pro-
teins.

12
Reverse Genetics of Bunya- and Arenaviridae

Bunyamwera virus, a member of the Bunyaviridae family, was the first
segmented negative-sense RNA virus generated from cloned cDNA
(Bridgen and Elliott 1996). Three cDNAs encoding the positive-sense
antigenomic RNAs were cloned between T7 RNA polymerase promoter
sequences and the hepatitis delta ribozyme sequence. HeLa cells were in-
fected with recombinant vaccinia virus expressing T7 RNA polymerase
and transfected with T7 RNA polymerase-driven plasmids for RNA syn-
thesis and synthesis of viral proteins. Forty-eight hours later the vaccinia
virus-infected and plasmid-transfected cells were frozen and thawed,
and cell extracts were used to infect insect cells that allowed the selective
amplification of recombinant Bunyamwera virus (Bridgen and Elliott
1996). This system has been used to generate transfectant Bunyamwera
viruses (e.g., those lacking the NSs gene) (Bridgen et al. 2001).

In one study, Flick and Pettersson (2001) addressed the feasibility of
using the RNA polymerase I system to synthesize Uukuniemi (Bun-
yaviridae) virus transcripts. Because RNA polymerase I localizes to the
nucleus, transcripts synthesized by this enzyme may not be exported
from the nucleus to the cytoplasm, the site of bunyavirus replication.
Moreover, the genomes of viruses replicating in the cytoplasm may con-
tain artificial splice signals, resulting in their nuclear retention and splic-
ing. Despite these concerns, RNA polymerase I transcription yielded a
functional Uukuniemi virus-like transcript encoding a reporter gene, in-
dicating that RNA polymerase I-derived transcripts are exported from
the nucleus to the cytoplasm (Flick and Pettersson 2001).

Viruses in the Arenaviridae family, which contain two segments of
negative-sense VRNA, remain to be generated from plasmid DNA. Lee et
al. (2000) established a minireplicon system in which a virus-like RNA
encoding CAT was replicated and transcribed by the L and NP proteins,
provided by helper virus infection or T7 RNA polymerase-driven pro-
tein expression constructs. Hence, the minimal replication unit of are-
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naviruses is composed of the NP and L proteins, together with the viral
RNA.

13
Concluding Remarks

The ability to alter the genomes of segmented negative-sense RNA virus-
es in any way desired will undoubtedly have a dramatic impact on the
way we perceive these viruses. For example, the availability of new re-
verse genetics systems now makes it possible to elucidate previously ill-
defined steps in viral replication and to identify virulence factors that
escaped detection with conventional methods of genome manipulation.
Ultimately, it should be possible to produce reassortant viruses for use
as inactivated vaccines, as well as safe and effective live attenuated vac-
cine viruses.
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Abstract The nonsegmented negative-strand (NNS) RNA viruses of the
order Mononegavirales include a wide variety of human, animal, and
plant pathogens. The NNS RNA genomes of these viruses are templates
for two distinct RNA synthetic processes: transcription to generate
mRNAs and replication of the genome via production of a positive-sense
antigenome that acts as template to generate progeny negative-strand
genomes. The four virus families within the Mononegavirales all express
the information encoded in their genomes by transcription of discrete
subgenomic mRNAs. The key feature of transcriptional control in the
NNS RNA viruses is entry of the virus-encoded RNA-dependent RNA
polymerase at a single 3’ proximal site followed by obligatory sequential
transcription of the linear array of genes. Levels of gene expression are
primarily regulated by position of each gene relative to the single pro-
moter and also by cis-acting sequences located at the beginning and end
of each gene and at the intergenic junctions. Obligatory sequential tran-
scription dictates that termination of each upstream gene is required for
initiation of downstream genes. Therefore, termination is a means to
regulate expression of individual genes within the framework of a single
transcriptional promoter. By engineering either whole virus genomes or
subgenomic replicon derivatives, elements important for signaling tran-
script initiation, 5" end modification, 3’ end polyadenylation, and tran-
scription termination have been identified. Although the diverse families
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of NNS RNA virus use different sequences to control these processes,
transcriptional termination is a common theme in controlling gene ex-
pression and overall transcriptional regulation is key in controlling the
outcome of viral infection. The latest models for control of replication
and transcription are discussed.

1
Introduction

The nonsegmented negative-strand (NNS) RNA viruses of the order
Mononegavirales have linear, single-stranded negative-sense RNA as
their genetic material. The order includes four families of viruses: the
Rhabdoviridae, the Paramyxoviridae, the Filoviridae, and the Bornaviri-
dae. These viruses comprise a wide variety of human, animal, and plant
pathogens such as rabies virus (RV), measles virus (MV), canine distem-
per virus (CDV), Rinderpest virus (RPV) and human and bovine re-
spiratory syncytial viruses (HRSV and BRSV) as well as the lethal Ebola
(EBO) and Marburg (MBG) viruses and the recently described Nipah
(NV) and Hendra virus (HeV).

The four virus families hold in common the fact that the genetic in-
formation in their negative-sense RNA genomes is expressed via tran-
scription of a series of discrete monocistronic mRNAs. Transcription
originates from a single polymerase entry site near the 3’ end of the ge-
nome and is obligatorily sequential, but attenuation (a decrease in prod-
uct amount, thought to be due to polymerase dissociation) occurs
specifically at each gene junction, resulting in a progressive reduction in
the transcription of genes that are located further from the promoter
(Abraham and Banerjee 1976; Ball and White 1976; Iverson and Rose
1981). This simple method of regulation may account for the observa-
tion that the order of the core genes within the Mononegavirales is high-
ly conserved with genes whose products are required in large amounts
located promoter proximally, whereas those needed in catalytic amounts
are more distal. Transcription is carried out by an RNA-dependent RNA
polymerase (RARP) whose major components, the L (large) protein
catalytic subunit and phosphoprotein (P) cofactor, plus an additional
factor in the Pneumoviruses and Filoviruses, are encoded by the viral ge-
nome and packaged as components of the virion (Baltimore et al. 1970;
Emerson and Wagner 1972; Emerson and Yu 1975). The active template
for transcription as well as genome replication is the RNA genome en-
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capsidated with the nucleocapsid protein. As a result, viral transcription
is the first RNA biosynthetic step after entry and uncoating to release
the viral ribonucleocapsid template. Replication of genomes cannot
commence until a supply of nucleocapsid (N) protein has been synthe-
sized to encapsidate the nascent antigenomes and their progeny gen-
omes.

The ability to recover first replicable and infectious NNS defective in-
terfering particle RNAs (Pattnaik et al. 1992) and subgenomic replicons
(Collins et al. 1991; Park et al. 1991; De and Banerjee 1993; Dimock and
Collins 1993; Conzelmann and Schnell 1994; Wertz et al. 1994) and sub-
sequently infectious viruses (Schnell et al. 1994; Collins et al. 1995;
Garcin et al. 1995; Lawson et al. 1995; Radecke et al. 1995; Whelan et al.
1995; Conzelmann 1998) from cDNA clones has allowed investigation of
the genomic sequences involved in signaling and controlling the pro-
cesses of mRNA transcription and genome replication. This review fo-
cuses on advances made in understanding the cis-acting genomic ele-
ments involved in control of these RNA synthetic processes since it be-
came possible to engineer changes into the genomes of the NNS RNA
viruses and assay their effects on function. The majority of the function-
al analyses have been carried out with the prototypic Rhabdoviruses ve-
sicular stomatitis virus (VSV) or rabies virus (RV), or with various
members of the Paramyxovirinae including the rubulavirus Simian virus
5 (SV5), the respiroviruses Sendai virus (SeV) and human parainfluenza
virus (HPIV3), the morbilliviruses (MV and RPV) or with the Pneu-
movirinae, HRSV or BRSV. The Bornaviridae have not yet been recov-
ered from cDNA, so they will not be emphasized. For a discussion of the
trans-acting protein factors involved in these processes the reader is re-
ferred to previous reviews (Emerson, 1976; Banerjee and Chattopadhyay
1990).

1.1
Viral Genomes and Gene Products

The complete genome sequences for representative members of most of
the genera of all four families of the Mononegavirales have been deter-
mined. The genomes range in size from the Borna disease virus (BDV)
genome at 8,910 nt to the Ebola virus genome at approximately twice
that size (18,957 nt), and they contain from 5 to 10 genes (Fig. 1). All of
the virus families contain four core genes: a nucleocapsid protein gene
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Fig. 1 Diagrammatic representation of the 3’ to 5 arrangement of transcription
units of the genomes of selected representative members of the families of the
Mononegavirales. Abbreviations: Le, leader region; N, nucleocapsid or nucleoprotein
gene; P, phosphoprotein gene; V/C, nonstructural protein genes; M, matrix gene; SH,
small hydrophobic protein gene; F, fusion protein gene; G ( or H or HN), glycosylat-
ed (or hemagglutinin or hemagglutinin/neuraminidase) attachment protein gene;
M2, transcription factor gene; NS, nonstructural protein gene; L, large protein (poly-
merase) gene; tr, trailer region

(N or NP), a phosphoprotein gene (P), a matrix protein gene (M), and
an RNA-dependent RNA polymerase gene (L). There is then either a sin-
gle additional gene encoding one transmembrane attachment and entry
glycoprotein such as the G gene of VSV and rabies, or up to three genes
encoding transmembrane glycoproteins with the attachment and entry
functions segregated onto two different proteins, G/HN/H and F, respec-
tively, depending on the genus. Additionally a small hydrophobic (SH)
gene encoding a protein of unknown function is found in the subfamily
Pneumovirinae and the genus Rubulavirus of the subfamily Paramyx-
ovirinae.

Many members of the order Mononegavirales encode nonstructural
proteins, although the presence of a small number of copies of these pro-
teins within the virion can not be eliminated. These nonstructural pro-
teins are encoded either individually as separate genes or by multiple
open reading frames (ORFs) within a single gene. The pneumoviruses
such as HRSV and BRSV have separate genes encoding two nonstruc-
tural proteins involved in evading the host response (Schlender et al.
2000). Interestingly, these genes are not found in the avian pneu-
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moviruses. Some rhabdoviruses such as IHNV have a gene between the
G and L genes encoding a small nonstructural protein. In the Paramyx-
ovirinae the P gene coding capacity is extended to give rise to a surpris-
ing number of polypeptides by utilizing multiple overlapping reading
frames on a single transcript or by cotranscriptional editing. These stra-
tegies have recently been reviewed in detail (Lamb and Kolakofsky
2001). In the Pneumovirinae there is also another gene, M2, encoding an
additional transcription factor, the M2-1 protein, and this gene has a
second overlapping reading frame encoding the M2-2 protein. The
Filoviruses also encode a separate additional transcription factor in the
VP 30 gene.

The gene order of the Mononegavirales is highly conserved, with three
of the four core genes, the N, P, and M genes, always at or near the 3’
terminus and with the L gene always the most promoter distal. This like-
ly reflects the method for control of gene expression wherein position of
a gene relative to the single 3’ promoter is the major determinant of ex-
pression levels. Consequently, genes needed in substantial amounts are
located close to the promoter, whereas those needed in catalytic
amounts are promoter distal. The surface glycoprotein genes are located
between the N, P, M and the L genes and their absolute order varies
among the various families and genera. The importance of gene order
and regulated gene expression in the viral life cycle has been addressed
in several functional studies, and these are described in Sect. 5.

1.1.1
Identification of Conserved Sequences at the Genomic Termini

The genomes of all the members of the Mononegavirales have a 3’ ex-
tracistronic region, the leader region, of approximately 40-50 nt and a 5’
extracistronic region, the trailer, which ranges from 20 nt up to over
600 nt (Table 1). These regions are notable for their high A/U content
and the potential for complementarity between the first 10-12 or so
most terminal nucleotides of the Le and Tr (Table 1). Major advances
have been made in understanding the roles of these regions since it be-
came possible to engineer specific changes into genomes and assay func-
tion. As described in detail in the following sections, these regions have
been shown to be multifunctional and not only are essential for control
of transcription and replication but also contain signals for encapsida-
tion and assembly of newly replicated RNAs into virus particles.
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Table 1 Sequences at the genomic termini of members of the order Mononegavirales
highlighting the presence of complementary nucleotides within the first 20 nt

Family Rhabdoviridae
Genus Vesiculovirus
VSV 3 UGCUUCUGUUUGUUUGGUAA (50)
EREERRE R RN
5/ ACGAAGACCACAAAACCAGA (59)
SVCcv 3 UGCAUCAGUUUUACAGGCAA (59)
I 01
5 ACGAAGACUACAAAUCCAG (19)
Genus Lyssavirus
RV 3’ UGCGAAUUGUUGGUCUAGUU (58)
PEreererere 0
5 ACGCUUAACAAAUAAACAAC (69)
Genus Nucleorhabdovirus
SYNV 3 UCUCUGUCUUUGAGUCUUUU (144)
LETEETE Freerrertr |
5 AGAGACAAAAGCUCAGAACA (159)
Genus Novirhabdovirus
VHSV 3 CAUAGUAUUUUCUACUACUC (167)
AR |
5 GUAUAGAAAAUAAUACAUAC (115)
Genus Ephemerovirus
BEFV 3 UGCUCUUUUUUGUUUUUUUG (51)
LT Tl 1
5 ACGAAGAAAAACAAAUAAAA (69)
Family Filoviridae
EBO 3 GCCUGUGUGUUUUUCUUUUU (55)
NERERERRRRREEREERE
5/ GGACACACAAAAAGGAAAA (676)
MBG 3 CUGUGUGUUUUUGUUCUCUA (46)
EREERRRRREEEE
5/ UGGACACACAAAAAAGAUGAAG (585)

Family Paramyxoviridae

Genus Henipavirus

HV 3 UGGCUUGUUCCCCUUUAUAC (55)
CIEEErrerert 1l |

5 ACCGAACAAGGGUAAAGAGA (33)

NV 3’ UGGUUUGUUCCCUCUUAUAC (55)

BERRRERRRR N
5 ACCGAACAAGGGUAAAGAAG (33)
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Table 1 (continued)

Genus Respirovirus

SevV 3
5/
HPIV1 3
5/
HPIV3 3
5
Genus Rubulavirus
SV5 3!
5
MuV 3’
5/
HPIV2 3!
5
NDV 3!
5
Genus Morbillivirus
MeV 3
5/
CDV 3
5/
RPV 3
5
TPMV 3!

5/

UGGUUUGUUCUCUUGUUUGA

PILELEErrerr 1
ACCAGACAAGAGUUUAAGAG

UGGUUUGUUCUCCUUUUUGA

ENREENENNRY |11
ACCAGACAAGAGUUUAAGAA

UGGUUUGUUCUCUUCUCUGA

L 1|
ACCAAACAAGAGAAAAACUC

UGGUUCCCCUUUUACUUCAC

LEErrrrerrerer
ACCAAGGGGAAAACCAAGAU

UGGUUCCCCUUUUACUUCUA

LELELLEEEl 1
ACCAAGGGGAGAAAGUAAAA

UGGUUCCCCUCUUAGUCUAC

PELELLELEL T
ACCAAGGGGAAAAUCAAUAU

UGGUUUGUCUCUUAGGCACU

LELEEEEE L 1
ACCAAACAAAGAUUUGGUGA

UGGUUUGUUUCAACCCAUUC

LEEELEErrer il |
ACCAGACAAAGCUGGGAAUA

UGGUCUGUUUCAACCGAUUC

LTELELEEEL rer 11l
ACCAGACAAAGCUGGGUAUG

UGGUCUGUUUCGACCCAUUC

LELELTELEI L |
ACCAGACAAAGCUGGGGAUA

UGGUCUUUUCCCACCAGUGC

SEENRNENEN | 111
ACCAGAAAAGGUGAGCUAUG
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Table 1 (continued)

Subfamily Pneumovirinae

HRSV 3’ UGCGCUUUUUUACGCAUGUU (44)
O P e 0 Il

5 ACGAGAAAAAAAGUCUCAAA (154)

BRSV 3 UGCGCUUUUUUACGCAUAUU (45)
FET et e 1l

5 ACGAGAAAAAAAGUAUCAAA (160)

The sequence of the first 20 nt of the genomic 3’ leader region are shown, together
with the corresponding terminal 20 nt of the trailer region to indicate the extent of
complementarity. The numbers in parentheses refer to the total number of nucleo-
tides in the leader and trailer regions. The Ebola (EBO) virus and Marburg (MBG)
virus alignments have been shifted to indicate the location of either 1 or 2 noncom-
plementary nucleotides at the genome ends.

VSV, vesicular stomatitis virus (Indiana strain); SVCV, spring viremia of carp virus;
RV, rabies virus; SYNV, Sonchus yellow net virus; VHSV, viral hemorrhagic septice-
mia virus; BEFV, bovine ephemeral fever virus; HV, Hendra virus; NV, Nipah virus;
SeV, Sendai virus; HPIV1, human parainfluenza virus 1; HPIV3, human parain-
fluenza virus 3; SV5, simian virus 5; MuV, mumps virus; HPIV2, human parain-
fluenza virus 2; NDV, Newcastle disease virus; CDV, canine distemper virus; RPV,
rinderpest virus; TPMV, Tupaia paramyxovirus; HRSV, human respiratory syncytial
virus; BRSV, bovine respiratory syncytial virus.

1.1.2
Conservation of Gene-Start, Gene-End, and Intergenic Sequences

At the beginning and end of each gene are sequences that are highly con-
served in some families and semiconserved in others. In addition, be-
tween the genes there are intergenic regions that range from two to three
highly conserved nucleotides at each junction in the rhabdoviruses and
rubulaviruses to from 1 to 56 nt with no, or little, conservation in the
pneumoviruses. These sequences modulate the activity of the polymer-
ase during transcription, but these signals are ignored during the repli-
cation process. This review summarizes recent information on the func-
tional determination of the requirements for each of these three se-
quence elements in the processes of transcription initiation and mRNA
5" end modification and in control of transcript 3’ end polyadenylation
and termination, including the finding that polyadenylation is integral
to the termination process.
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1.2
Overview of the Intracellular Replication Cycle

To initiate infection, NNS RNA viruses deliver into the cytoplasm an
RNP complex of their genomic RNA encapsidated by the nucleocapsid
protein and associated with the RARP (Szilagyi and Uryvayev 1973).
With the exception of the Bornaviridae, replication of all animal NNS
RNA viruses occurs entirely within the cytoplasm of the cell; the steps
that occur are depicted in Fig. 2. Before viral protein synthesis, the input
RdRP copies the genomic template to provide a short uncapped leader
RNA (Le+), and 5-10 capped and polyadenylated mRNAs that encode
each of the viral proteins. After translation of these mRNAs into the viral
proteins, genome replication can begin. During replication the RdRP ini-
tiates at the extreme 3’ end of the genome, ignores all the regulatory sig-
nals for production of discrete monocistronic mRNAs, and instead syn-
thesizes a full-length complementary antigenome. Like the full-length
genomic RNA, these antigenomic replicative intermediates are totally
encapsidated by viral nucleocapsid protein. In turn, the antigenome
RNA functions as template for synthesis of a short minus-sense leader
RNA (Le—) and also for synthesis of full-length progeny genomes. These
genomes can be used for synthesis of further viral mRNAs, can act as
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Fig. 2 Overview of RNA synthesis in NNS RNA virus infected cells. As a model, the
vesicular stomatitis virus genome is shown 3'-5', depicting the 50-nt leader region
(Le) and the genes encoding the nucleocapsid protein (N), phosphoprotein (P), ma-
trix protein (M), attachment glycoprotein (G), and large polymerase subunit (L) fol-
lowed by the 59-nt trailer region (Tr). The steps of viral RNA synthesis are described
in detail in the text
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templates for further replication, or can be assembled into infectious
particles. How the distinct RNA synthetic events are regulated is poorly
understood, although the availability of a pool of soluble nucleocapsid
protein is essential for encapsidation of the nascent genomic and antige-
nomic RNAs during RNA replication (Patton et al. 1984; Peluso and
Movyer 1988; Howard and Wertz 1989).

L3
Transcription

1.3.1
NNS RNA Virus Transcription Is Sequential

Transcription of the genes of NNS RNA viruses is obligatorily sequential.
This was directly demonstrated for VSV, HRSV, NDV, RV and SeV with
the technique of ultraviolet (UV) transcriptional mapping (Abraham
and Banerjee 1976; Ball and White 1976; Ball 1977; Glazier et al. 1977;
Flamand and Delagneau 1978; Collins et al. 1980; Dickens et al. 1984). A
major effect of low-dose UV radiation of RNA is the formation of covalent
dimers between adjacent uracil residues. These dimers act as blocks to
progression of polymerase during RNA synthesis. For NNS RNA viruses
it was reasoned that if each gene was transcribed independently, their
sensitivity to UV radiation would be proportional to their physical size,
provided that the UV target sites were randomly distributed throughout
the genome. However, when the UV sensitivity of the viral genes was
measured, it was found that the only gene with a target size correspond-
ing to its physical size was the first gene on the genome. The UV target
size of each subsequent gene was larger and corresponded precisely to
the sum of its physical size and the size of each gene that preceded it in
the viral gene order. These experiments showed that transcription in
NNS RNA viruses initiates at a single point on the genome and that each
mRNA is synthesized in an obligatory order, reflecting the position of
each gene with respect to this single entry site.

1.3.2
NNS RNA Virus Transcription Is Polar

Measurements of the abundance of viral mRNAs in infected cells dem-
onstrated that they were not produced in equimolar amounts; rather
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their abundance decreased with distance from the single 3’ polymerase
entry site (Villarreal et al. 1976). For the prototypic rhabdovirus, VSV, it
was shown that the intracellular half-lives of the viral mRNAs were indis-
tinguishable from one another (Pennica et al. 1979), which implied that
the differing amounts of each mRNA reflected differential synthesis
rather than turnover. Kinetic measurements of the appearance of the 5
and 3’ ends of VSV mRNAs indicated that transcription of a gene oc-
curred at a rate of 3.1-4.3 nt s}, but significant pauses of 2.5-5.7 min oc-
curred between detection of the 3’ end of the upstream transcript and
the 5" end of the downstream transcript (Iverson and Rose 1981). These
experiments suggested that termination and polyadenylation of the up-
stream mRNA, and/or capping and methylation of the downstream
mRNA, occurred at a slower rate than RNA synthesis. In addition, these
measurements showed that there was little intragenic termination during
mRNA synthesis and thus suggested that transcriptional attenuation was
localized to the gene junctions (Iverson and Rose 1981).

1.3.3
Unusual Chemistry of mRNA Capping

The 5’ cap structure on cellular mRNAs is formed by a series of reac-
tions, whereby an RNA triphosphatase trims the y phosphate from a
5'pppNpNpN nascent RNA chain to provide a 5" diphosphate substrate
for a guanylyltransferase (GT). The GT catalyzes the formation of a
5'ppp5’ linkage between GMP and the nascent RNA chain through a co-
valent GT:GMP intermediate. The resultant cap 0 structure acts as tem-
plate for the guanine-N7-methyltransferase and ribose 2'-O-methyl-
transferase, to ultimately yield the capped and methylated mRNA
m7G(5)pppNmpNpNpNp. For NNS RNA viruses, the cap structure of
the mRNAs is formed by a mechanism that appears unique. For VSV
(Abraham et al. 1975), HRSV (Barik 1993) and Spring Vicemia of Carp
Virus (SVCV) (Gupta and Roy, 1980), the o and S phosphates of the
5'Gppp5'NpNpN triphosphate bridge were shown to be derived from a
GDP donor. This difference, combined with the cytoplasmic location of
RNA synthesis, led to the suggestion that the L protein subunit of the
RARP possesses a GT activity, although direct evidence for this is lack-
ing. After capping, the 5" terminus of the nascent transcript is methylat-
ed by guanine-N7-methyltransferase and nucleoside-2’-O-methyltrans-
ferase (Rhodes et al. 1974; Moyer et al. 1975; Rhodes and Banerjee 1975;
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Rose 1975; Keene and Lazzarini 1976; Moyer and Banerjee 1976; Testa
and Banerjee 1977; Hercyk et al. 1988). The mechanistic details of these
reactions are not understood.

1.3.4
Models of Transcription

Three models were proposed to explain the sequential and polar nature
of mRNA synthesis (shown in Fig. 2) and the unusual chemistry of
mRNA capping.

1. Multiple entry site model:

Proposed that the RARP gained access to the genome at each gene-
start site. To be compatible with the UV transcriptional mapping
data, transcription of the upstream gene would be required before
transcription of the downstream gene.

2. Cleavage model:

Proposed that the RARP initiated at a single 3’ entry site to produce
a transcript that is cleaved into the leader RNA and the discrete
mRNAs. This model was attractive because the unusual chemistry of
capping is consistent with cleavage of a precursor.

3. Stop-start model:

Proposed that the RARP initiates all synthesis at position 1 of the ge-
nome, yielding a leader RNA and the viral mRNAs. In this model ac-
cess of polymerase to downstream genes was entirely dependent on
termination of synthesis of the upstream gene (hence, stop-start).
This model is supported by much of the available data and has be-
come the widely accepted model for NNS RNA virus transcription.

1.4
RNA Replication

Replication to produce the antigenomic and genomic RNAs of NNS RNA
viruses remains poorly understood. The products of replication are
completely encapsidated with the viral nucleocapsid protein. Replication
is asymmetric, typically producing a 5- to 10-fold molar excess of ge-
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nomic over antigenomic RNAs (Kiley and Wagner 1972; Schincariol and
Howatson 1972; Soria et al. 1974; Wertz 1978; Simonsen et al. 1979).
However, for the lyssavirus, rabies, genomic RNAs have been reported
in a 50-fold molar excess of antigenomic RNAs (Finke and Conzelmann
1997). This asymmetry of replication suggested that the promoter for
synthesis of full-length genomes was stronger than that for full-length
antigenomes. Consistent with this, defective-interfering particles that ex-
hibited the highest replication efficiency had replaced the promoter for
antigenome synthesis with a copy of the promoter for genome synthesis.

The established model for regulation of transcription versus replica-
tion in NNS RNA viruses has been that the RARP initiated all synthesis
at position 1 of the genome (Emerson 1982). During leader synthesis a
critical regulatory decision was made that dictated whether the RdRP
terminated Le+ and initiated mRNA synthesis at the first gene-start site
or, alternatively, read through the leader first gene junction, ignored all
the transcriptional regulatory signals, and instead synthesized a full-
length antigenomic replication product. Replication requires ongoing
protein synthesis to provide a source of soluble N protein necessary for
encapsidation of the nascent RNA strand. This led to the suggestion that
RdRP activity was regulated by the availability of N protein to encapsi-
date the nascent leader RNA, such that when N protein concentration
was low, the RARP transcribed Le+ and the viral mRNAs, but when N
protein concentration was high, termination of Le+ synthesis was sup-
pressed and instead the RARP replicated the genome (Blumberg et al.
1981, 1983). Thus the intracellular concentration of N protein was postu-
lated to act as a regulator switching RARP activity from transcription to
RNA replication. Consistent with this leader RNA can be found encapsi-
dated with N protein (Blumberg and Kolakofsky 1981). Subsequent work
demonstrated that N protein was absolutely essential for RNA replica-
tion and is maintained in a soluble form by the P protein (Patton et al.
1984; Peluso and Moyer 1988; Howard and Wertz, 1989). This require-
ment for N protein in RNA replication is indisputable, but recent work
indicates that other factors may regulate polymerase activity by control-
ling the site at which RNA synthesis is initiated (Whelan and Wertz
2002), and these are described in Sect. 3.
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2
The Genomic Termini as Promoters

2.1
Introduction

The arrangement of the genomes of NNS RNA viruses and the products
of RNA synthesis are shown in Figs. 1 and 2. Sequencing NNS RNA virus
genomes identified conserved elements present at the termini (Table 1
and Sect. 1.1.1), suggesting that these regions were required for a com-
mon function of the two promoters. Reverse genetics systems have al-
lowed a functional analysis of the role of the termini as promoters. The
promoters of representative members of each genus in the family
Paramyxoviridae have been examined, along with the lyssavirus, rabies
virus and the vesiculovirus, VSV. For each virus, a major obstacle to dis-
secting the role of the termini as promoters was their multifunctional
nature. The termini contain sequences required for encapsidation of the
nascent RNA strand, binding of the RdRP, leader synthesis, mRNA syn-
thesis, replication, and in some cases assembly and budding of particles.
Consequently, caution must be applied when interpreting the effect of
mutations engineered into the termini. For example, studies that rely ex-
clusively on the translation of a reporter gene provide indirect informa-
tion on the abundance of a capped, methylated, and polyadenylated mes-
senger RNA, but provide little information on defects in encapsidation,
polymerase binding, leader synthesis, mRNA initiation, mRNA process-
ing, mRNA termination, or RNA replication. In the following section we
attempt to summarize the work of several laboratories performed over
the last decade. The majority of these studies were performed with VSV,
HRSYV, SeV, and SV5, and a comparison of these experiments highlights
striking differences between viruses that are evolutionarily closely relat-
ed.

2.2
Promoter Mapping in the Rhabdoviridae

One of the earliest experiments that delimited promoter function
showed that the termini of a 5’ copy-back defective-interfering particle
of VSV (DI-T) were necessary and sufficient for encapsidation, polymer-
ase binding, replication, assembly, and budding of infectious particles
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(Pattnaik et al. 1992). With synthetic VSV nucleocapsids in a reconstitut-
ed in vitro system, it was shown that the 3’ terminal 22 nt of the genome
functioned as a promoter for transcription (Smallwood and Moyer
1993). However, in this case the polymerase ignored the presumed sig-
nals for synthesis of discrete leader RNA and initiation of the N mRNA.
The importance of the 3’ leader region (Le) as a promoter for synthesis
of a capped and polyadenylated mRNA was shown by comparing the
template properties of subgenomic replicons that contained the wild-
type genomic termini with those in which the 3’ Le had been replaced
with increasing amounts of the corresponding sequences of the comple-
ment of the genomic trailer (TrC) (Wertz et al. 1994). Consistent with
the abundance of transcription and replication products synthesized in
infected cells, the wild-type termini directed abundant mRNA synthesis
and comparatively low levels of replication. Incremental exchanges of Le
sequence for TrC increased replication and ultimately decreased mRNA
synthesis. Similarly when the Tr was engineered to be the perfect
complement of Le for 47 nt, RNA synthesis was switched from predomi-
nantly transcription to almost exclusive replication (Wertz et al. 1994;
Whelan and Wertz 1999b). This demonstration that changes at the oppo-
site end of the viral genome have a dramatic effect on polymerase activi-
ty indicated that the ends of the genomic RNAs influence one another.
The simplest interpretation of these data was that the ends of the ge-
nome interact with each other either directly or indirectly and that this
interaction favors replication at the expense of transcription. This led to
the suggestion that the increased terminal complementarity associated
with the 3’ TrC-Tr 5’ arrangement of the termini (and found for the ma-
jority of VSV DI particles) offered a replicative advantage over the 3’ Le-
Tr 5 arrangement of the wild-type termini (Wertz et al. 1994). Other
studies suggested that this complementarity between the termini did not
influence replication efficiency, but rather that nt 31-45 of Tr functioned
as a specific enhancer that favored replication of DI genomes (Li and
Pattnaik 1997). However, this suggestion of a replication enhancer se-
quence could not account for the levels of replication observed for the
3’CB arrangement of the termini, because this replication enhancer ele-
ment had been replaced with sequences of Le (Wertz et al. 1994; Whelan
and Wertz 1999b). Further studies on the role of complementarity be-
tween the genomic termini of VSV suggested that its effects were con-
fined to the natural terminal sequences and were most operative at the
extreme genome ends (Whelan and Wertz 1999a, b). Metabolic labeling
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of RNAs synthesized by a recombinant virus in which the proposed rep-
lication enhancer sequence of Tr was replaced by the corresponding se-
quences of Le showed that this sequence did not significantly alter RNA
synthesis in cell culture (Whelan and Wertz 1999b).

Deletions engineered throughout the leader and trailer regions of
VSV genomic analogs and DI RNAs demonstrated that the terminal 14-
18 nt contained a minimal signal for encapsidation and replication of
RNA, although replication was significantly reduced (Li and Pattnaik
1999; Whelan and Wertz 1999a, b). Surprisingly, the previously defined
binding site for the P subunit of the RARP at nt 16-30 of Le (Keene et al.
1981) was not essential for RNA synthesis (Li and Pattnaik 1999; Whelan
and Wertz 1999b). Some deletions to the termini, such as nt 47-50 of Le,
decreased transcription and increased the levels of RNA replication, but
this did not appear to be a general rule for VSV because other changes
reduced both transcription and replication (Whelan and Wertz 1999b).

Comparison of the sequence of the two promoter regions of VSV
(Indiana) shows nucleotide identity at 25 of 46 positions with 15 of the
terminal 18 nt being identical (Table 1). To examine the role of nucleo-
tides from positions 18-50 of the leader region, the regions that con-
tained these nucleotide differences were exchanged between Le and TrC
(Whelan and Wertz 1999b). These exchanges included compensatory
changes in the trailer region to maintain the wild-type level of comple-
mentarity between the termini. These data showed that Le contains
a specific signal for mRNA synthesis that could not be supplied by
the corresponding sequences from TrC or by heterologous sequences
(Whelan and Wertz 1999b).

For the lyssavirus rabies, the termini were also shown to contain es-
sential promoter sequences (Conzelmann and Schnell 1994). A 3'CB ra-
bies virus was generated, which was ambisense, assembled both positive
and negative strands into infectious particles, and displayed a pro-
nounced susceptibility to interference induced by simple internal dele-
tion DI particles (Finke and Conzelmann 1997, 1999). Attempts to gener-
ate a 3CB recombinant VSV were unsuccessful, and this was attributed
to the low levels of transcription of such VSV templates as well as the
inability of 3’CB genomes to assemble into infectious particles because
they lack the signal provided by the 5 trailer for assembly of replicated
RNA into infectious particles (Whelan and Wertz 1999a, b).
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2.3
Promoter Mapping in the Paramyxoviridae

Promoter mapping studies performed with representative members of
both subfamilies of Paramyxoviridae revealed surprising differences
from each other as well as from those obtained with VSV.

2.3.1
The Paramyxovirinae

A major difference that sets the Paramyxovirinae apart is a marked pref-
erence to maintain their genome lengths as an exact multiple of 6 nt.
This was first described for Sendai virus, in which insertion of 1-7 nt at
five different sites in the genome of a DI particle was tolerated only when
the overall genome length was precisely divisible by 6 (Calain and Roux
1993). This “rule of six” reflects an apparent requirement for a single
molecule of nucleocapsid protein (NP) to bind exactly 6 nt (Egelman et
al. 1989), although precisely how this influences the ability of the poly-
merase to replicate the genome remains the subject of intense investiga-
tion. The rule of six applies with differing degrees of rigidity to the other
Paramyxovirinae (Sidhu et al. 1995; Durbin et al. 1997; Murphy and
Parks 1997; Clarke et al. 2000; Peeters et al. 2000; Skiadopoulos et al.
2003). By contrast, the 15,222-nt genome of the pneumovirus HRSV is
an exact multiple of six, but studies on subgenomic replicons showed
that there was no inherent disadvantage to genomes that do not conform
to this integer rule (Samal and Collins 1996). Such an integer rule does
not appear to apply to VSV,

A major difference between viruses that conform to this rule of six is
the extended nature of their replication promoters. For example, an in-
ternal sequence element more than 72 nt away from the end of the ge-
nome was first described for SeV (Pelet et al. 1996). Comparison of ac-
tive and inactive genomic and antigenomic promoters led to the identifi-
cation of a three times repeated motif 3’-YNNRNN-5' (Y=C/U, N=A/C/
G/U, and R=A/G) present at nt 79-96 of the SeV genomic and antige-
nomic RNAs. With respect to the hexamer phasing of NP subunits rela-
tive to the genomic RNA, these residues corresponded precisely to hex-
amers 14-16 from the 3’ end of the template. In elegant experiments per-
formed by Roux and colleagues the RNA sequence at each of these indi-
vidual hexamers was randomized by mutagenesis of a cDNA clone of a
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SeV DI particle. RNAs recovered from this ¢cDNA clone were allowed
to replicate, and the sequence through these hexamers was determined.
These experiments identified a strong selection for the sequence 3’
CNNNNN 5’ in the genomic template at each hexamer position
(Tapparel et al. 1998).

Comparison of the terminal sequences of Rubulaviruses proved equal-
ly as informative identifying two conserved regions (CR) that spanned
nt 1-19 (CRI) and 73-90 (CRII). For SV5, it was shown that the spacing
of these two elements was critical for efficient replication (Murphy et al.
1998). Mutational analysis of CRII demonstrated that the critical resi-
dues were distinct from those identified for SeV. For SV5, hexamers 13-
15 have the common sequence 3-NNNNGC-5', and the most critical
were the conserved positions of hexamers 14 and 15 (Murphy and Parks
1999). How appropriate spacing of an internal element relative to the ge-
nome end affects promoter function is not known. However, cryo-EM
analysis suggested that the SeV nucleocapsid exists as a left-handed helix
with 13 nucleocapsid protein subunits per turn (Egelman et al. 1989).
This spacing would position the internal cis-acting element directly
above the genomic terminus on the same face of the helix, and it raises
the possibility that this acts as part of a critical recognition element for
a component of the RARP (Pelet et al. 1996; Murphy et al. 1998; Tapparel
et al. 1998). Alternatively, this sequence element may function during
encapsidation of the nascent RNA strand. Assembly of NP onto the na-
scent strand is intimately coupled with replication, and the completion
of the first turn of the helix may represent a critical juncture at which
the pitch of the RNP is determined. In other recent experiments with
SV5, a third region in the termini (residues 51-66) was identified as es-
sential for efficient RNA replication (Keller et al. 2001).

2.3.2
The Pneumovirinae

For HRSV, initial promoter mapping experiments indicated that 53 nt
from the genomic 3’ terminus and 52 nt from the genomic 5’ terminus
are necessary for encapsidation, mRNA synthesis, replication, and as-
sembly of particles (Collins et al. 1991). These experiments showed that,
in contrast to VSV, the genomic leader could be replaced by the comple-
ment of the trailer region to function as a promoter for mRNA synthesis
(Collins et al. 1991). A similar arrangement of the termini was shown to
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enhance levels of replication compared with the wild-type termini (Yu et
al. 1995). Significant homology is present between the first 26 nt of the
termini of HRSV, BRSV, ovine RS, and avian pneumoviruses, with 10 of
the first 11 positions being highly conserved (Table 1). This homology
permits cross-recognition of these termini as promoters (Yunus et al
1999; Marriott et al. 2001).

Detailed characterization of the promoter regions of HRSV (Fearns et
al. 2000; Peeples and Collins 2000; Fearns et al. 2002) showed that nucle-
otide substitutions at positions 2, 3, 6, and 7 relative to the 5 end of the
genomic trailer severely downregulated synthesis of full-length genomes
but did not affect mRNA synthesis or the production of full-length anti-
genomes and thus defined these positions as critical components of the
promoter for genome synthesis (Peeples and Collins 2000). Substitution
of the HRSV leader sequence with increasing amounts of the comple-
ment of the trailer region confirmed that TrC could function as a pro-
moter of transcription provided that the spacing of the gene-start se-
quence from the 3’ end of the genome was maintained. These studies
also suggested that complementarity between the termini did not affect
RNA synthesis (Fearns et al. 2000). Mutagenesis of the first 26 nt of the
leader region of RS virus demonstrated that of these nucleotides, 3C, 5C,
8U, 9U, 10U, and 11U were individually important for both mRNA syn-
thesis and replication (Fearns et al. 2002). Additional nucleotides (1U,
2G, 6U, and 7U) were individually important for replication but not
mRNA synthesis. At position 4 the presence of a G increased transcrip-
tion and decreased replication, implying that the natural assignments of
4G in the leader region and 4U in the TrC are optimal for promoting
transcription and replication, respectively (Fearns et al. 2002). These
studies suggest that, like VSV, HRSV has promoter elements that affect
both the processes of transcription and replication as well as separate
elements that affect mRNA synthesis and replication.

3
Initiation of RNA Synthesis

3.1
Introduction

The established model for regulation of gene expression in NNS RNA
viruses has been that the polymerase initiates all RNA synthesis at posi-
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tion 1 of the genome (Emerson 1982), and during the synthesis of the
leader RNA a critical regulatory decision is made to either terminate
Le+ and initiate mRNA synthesis at the first gene-start site or, alterna-
tively, to read through the leader first gene junction to synthesize a full-
length antigenomic replication product. The availability of N protein
was proposed to regulate these two distinct RARP activities (Sect. 1.4).
The genomic replication products are completely encapsidated with the
viral nucleocapsid protein, and the requirement for N to drive this pro-
cess is indisputable; however, as described below, the processes of tran-
scription and replication are also controlled by RARP initiation at sepa-
rate sites on the genome.

Experimental evidence in support of the single entry and initiation
site model of RNA synthesis was provided by using purified VSV tem-
plates and RARP under partial reaction conditions in vitro (Emerson
1982). Polymerase and template were separately purified from infec-
tious virions and mixed together in the presence of ATP and CTP. The
sequence of the genomic 3’ terminus is 3’-UGC, whereas the N gene-
start of VSV is 3/-UUGUC-5. In the presence of only ATP and
CTP, polymerase that initiated at the 3’ end of the genome would syn-
thesize the dinucleotide 5'-pppApC, whereas polymerase that initiated
internally at the N gene-start site would synthesize the tetranucleotide
5 -pppApApCpA. Under such reaction conditions the predominant
product was 5'-pppApC, implying that polymerase could only initiate at
the 3’ end of the genome. The tetranucleotide 5'-pppApApCpA that cor-
responded to the N gene-start was only observed in a two-step reaction.
In this reaction, polymerase was first incubated in the presence of all
four NTPs, the reaction was then stopped, NTPs were removed, and
synthesis was allowed to proceed in the presence of ATP and CTP.
Under these conditions, the major product was the dinucleotide
5'-pppApC, but the tetranucleotide 5'-pppApApCpA was also detected,
indicating that the RdRP also initiated at the N gene-start (Emerson
1982). The interpretation of this result was that preincubation with
all four NTPs allowed synthesis of the leader RNA, which positioned
RARP at the N gene-start site where it could initiate when ATP and
CTP were supplied. However, the relationships between the dinucleotide
5-pppApC and Le+ and the tetranucleotide 5'-pppApApCpA and the N
mRNA are not unequivocal. Sequences that could template synthesis of
these products are present multiple times throughout the genome, and
other short products of unknown origin such as 5-pppGpC have been
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characterized in VSV transcription reactions in vitro (Chanda and
Banerjee 1981b, a).

Because VSV transcription is both polar and sequential, one conse-
quence of a single 3’ polymerase entry site is that upstream genes are
transcribed in molar excess of downstream genes. Consequently, if poly-
merase initiates at nucleotide 1 of the genome, the leader RNA should al-
ways be synthesized in molar excess over the N mRNA. However a mu-
tant VSV (polR1), which has a single amino acid change in the template-
associated N protein (Perrault et al. 1983), produces an excess of N
mRNA over leader RNA in vitro (Chuang and Perrault 1997). This find-
ing is inconsistent with the single-entry site model and instead suggest-
ed that polymerase can enter the genome directly at the first gene-start
site during transcription (Perrault et al. 1983; Chuang and Perrault
1997). Determining where the RARP initiates transcription is crucial in
understanding regulation of gene expression in NNS RNA viruses. The
single-entry site model for RNA synthesis proposes that a regulatory
event occurs during Le+ synthesis that determines whether polymerase
terminates leader synthesis and transcribes the viral mRNAs or, alter-
nately, replicates the genome to produce a full-length complementary
antigenome. The two-polymerase entry site model posits that transcrip-
tion and replication are regulated through the use of separate entry sites
for the viral RARP.

3.2
Transcription Initiates at the First Gene-Start in Infected Cells

For VSV the question of whether RARP initiates transcription directly at
the first gene-start site or by the prior transcription of a leader RNA was
recently reexamined with the technique of UV mapping (Whelan and
Wertz 2002). Low-dose UV radiation induces the formation of covalent
dimers between adjacent uracil residues that act to block progression of
the RARP during RNA synthesis. By examining the effects of UV radia-
tion on viral protein synthesis the order of the genes on the VSV genome
was originally determined (Ball and White 1976). However, this ap-
proach could not be used to distinguish whether the RdRP that synthe-
sized the N mRNA had transcribed the leader region, because the 50-nt
leader region does not significantly contribute to the UV sensitivity of
the 1,336-nt N gene. The development of reverse genetic systems for
VSV allowed application of UV mapping to determine whether the RdRP
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initiates transcription at the first gene-start site or through the obligato-
rily sequential transcription of leader RNA. Recombinant viruses were
generated that contained an inserted (I) 60- or 108-nt gene between the
leader region and the N gene (Whelan et al. 2000). In addition, the se-
quence of the leader region was modified to either increase or decrease
the number of adjacent uracil residues, such that the sensitivity of the
leader RNA to UV radiation would be altered in a predictable manner
(Whelan and Wertz, 2002). The rationale was that if transcription initiat-
ed at the 3’ end of the genome, these sequence alterations to the leader
region should affect the UV sensitivity of the I-60 or I-108 mRNA. Con-
versely, if polymerase initiated transcription at the first gene-start site,
these changes would not affect the UV sensitivity of the -mRNA. On the
basis of the maximum number of covalent uracil dimers that can form
after exposure to UV radiation, the changes to the sequence of the leader
region were predicted to alter the UV sensitivity of the leader RNA over
a 2.7-fold range, and this corresponded well with the measured 3-fold al-
teration. However, these changes did not significantly affect the UV sen-
sitivity of the I-60 or I-108 mRNA synthesized in infected cells. In addi-
tion, the relative sensitivity of the 60- and 108-nt mRNAs were compared
and found to be independent of the leader region. These data indicated
that transcription initiated directly at the first gene-start site in infected
cells and not through the prior transcription of a leader RNA (Whelan
and Wertz 2002).

These experiments provided strong support for the two-entry site
model for VSV RNA synthesis (Chuang and Perrault 1997). In this mod-
el, the RARP is proposed to initiate synthesis of the leader RNA and the
antigenomic replication product by entry at position 1 of the genome;
however, for mRNA synthesis, polymerase initiates by entry directly at
the first gene-start site (Fig. 3). An alternative possibility is that the
RARP always enters the genome at the 3’ end, but for transcription scans
through the leader region, in a UV-insensitive manner, to initiate mRNA
synthesis at the first gene-start. What regulates the RdRP initiation site
choice is unknown, but possibilities include a modification of the poly-
merase, the template, or both. To date, there is no direct evidence for
different forms of polymerase in infected cells, but mutations in L pro-
tein have been identified that affect transcription and replication in sep-
arate ways (Perlman and Huang 1973; Hunt et al. 1976; Wertz 1978).
Moreover, the phosphorylation status of the P protein can affect whether
polymerase transcribes or replicates the genome (Pattnaik et al. 1997).
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Fig. 3 Model for RNA synthesis in VSV-infected cells. A schematic of the 3’ end of
the VSV genome is shown, depicting the leader region and the N and P genes. Dur-
ing mRNA synthesis, the RARP, a complex of L (large oval) and a trimer of P (small
ovals) binds to specific sequences in the leader region and initiates synthesis directly
at the first gene-start site. During replication, the RARP initiates at the 3’ end of the
genome. Initiation at the 3’ end of the genome provides a leader RNA (not shown)
and the full-length antigenome. Replication requires ongoing protein synthesis to
supply N protein for encapsidation of the nascent RNA. N protein (hatched oval) is
kept in a soluble form by interaction with P, in a 2:1 complex. Solid arrows, position
of initiation of RNA synthesis

3.3
Cis-Acting Signals for Transcription Initiation

33.1
The Leader Region

The difficulties associated with accurately measuring Le+ synthesis
mean that few studies have examined effects of changes within the leader
region on synthesis of mRNA and Le+. The demonstration that stop-
start sequential transcription does not apply at the VSV leader-N gene
junction suggests that the effects of mutations in the leader region on
mRNA synthesis are a direct consequence of alterations to a promoter
sequence, rather than an indirect effect caused by alterations to the syn-
thesis of the leader RNA. As described above, specific sequence elements
within the leader region form part of the optimal promoter for the initi-
ation of mRNA synthesis. Extensive analyses performed with VSV,
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HRSYV, and SeV were summarized in the preceding section and will not
be repeated here.

For VSV the leader-N gene junction comprises four nucleotides
3’-GAAA-5' that have no counterpart in either Le+ or the N mRNA. De-
letion of the leader-N gene junction prevented mRNA synthesis from a
subgenomic replicon that encodes a single gene. Point mutations engi-
neered throughout the leader-N gene junction had only a minor effect
on mRNA synthesis, with the exception that the sequence GAAU reduced
mRNA levels to approximately 30% of wild type and shifted the site at
which polymerase initiated mRNA synthesis to the —1 position (Whelan
and Wertz, unpublished observations).

3.3.2
Role of the Gene-Start Sequence

For each NNS RNA virus, the beginning of each gene is marked by a con-
served sequence of 10 nt. The role of these conserved nucleotides in
mRNA synthesis has been well characterized with systematic analyses
performed for VSV and HRSV. The gene-start sequences of some NNS
RNA viruses are functionally equivalent in signaling mRNA synthesis.
However, this does not hold true for all the viruses, and a striking exam-
ple of this is provided by Sendai virus (discussed below).

For VSV the first 10 nt of each gene are highly conserved, having the
sequence: 3-UUGUCnnUAG-5'. Mutational analysis of this conserved se-
quence element identified a consensus sequence of 3’-UyGnnnnnnn-5' re-
quired for efficient gene expression (Stillman and Whitt 1997). These
studies were extended to examine the precise role of the first 3 nt in tran-
scription. In a novel approach, the genome of VSV was separated onto
two segments, the first comprising 3’ Le-N-P-M-L-Tr 5" and the second
the G gene together with the reporter genes green fluorescent protein
(GFP) and chloramphenicol acetyl transferase (CAT), 3’ Le-G-GFP-CAT-Tr
5/ (Stillman and Whitt 1999). Alterations were made to the first 3 nt of the
CAT gene, and the effects of these changes on mRNA synthesis were ex-
amined in infected cells and in vitro. In this system, alteration of the first
U residue to a C, or alteration of the second U residue to an A, C, or G
allowed synthesis of CAT transcripts in vitro, indicating that initiation per
se was not prevented (Stillman and Whitt 1999). However, in infected cells
these transcripts were not readily detected, suggesting that they were per-
haps unstable. Further analysis of the transcripts produced in vitro indi-
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cated that the majority were truncated, ranging in size from 40 to 200 nt
(Stillman and Whitt 1999). Immunoprecipitation of cDNA-RNA hybrids
with an antibody that recognizes 2,2,7-trimethylguanosine indicated that
the prematurely terminated transcripts lacked a methylated cap structure.
These observations led to the formulation of a model in which polymerase
processivity was linked to correct 5’ processing. This model suggested
that the 5 end of the nascent mRNA strand remains associated with the
RdRP until correctly processed. Capping and methylation of the transcript
would permit the release of the 5 end from the RdRP, signaling to poly-
merase to proceed along the template. Failure of these modifications to
occur would lead to the stalling of polymerase, premature termination of
transcription, and the subsequent degradation of the RNA (Stillman and
Whitt 1999).

Of the 10 genes of HRSV, the first 9 have the sequence 3'-CCCCGU-
UUA(U/C)-5' at each gene-start site; the only departure from this is the
sequence of the L gene-start 3'-CCCUGUUUUA-5'. Mutagenesis of the
HRSV gene-start signal showed that positions 1, 3, 6, 7, and in particular 9
were most sensitive to alteration, whereas position 5 was relatively in-
sensitive (Kuo et al. 1996b; Kuo et al. 1997). Surprisingly, the L gene start
functioned equivalently despite having a nonconserved U residue at po-
sition 9. The negative effect of the U at position 9 appeared to be over-
come by the presence of an A at position 10 of the L gene-start. Analysis
of the transcripts synthesized from templates in which position 1 of the
gene-start was altered from a C to a A, G, or U showed that the nucleo-
tide incorporated into the mRNA was not always the templated nucleo-
tide, but rather was the wild-type G residue approximately one-third of
the time. The reason for this “pseudo-templated” initiation was not de-
termined, but it was suggested to arise from either preloading of poly-
merase with the parental initiating nucleotide or slippage of polymerase
that initiated at position 2, 3, or 4 of the gene-start (Kuo et al. 1997).

In contrast to the apparent equivalence for the gene-starts of HRSV,
for other NNS RNA viruses subtle differences between the gene-starts
appear highly significant. For SeV the P, M, and HN gene-starts are
3-UCCCACUUUC-5', whereas the N start is 3'-UCCCAgUUUC-5/, the F
start is 3'-UCCCuaUUUC-5, and the L start is 3'-UCCCCACUUaC-5'. To
examine whether these gene-starts were functionally equivalent for tran-
scription, the reporter gene firefly luciferase (LUC) was inserted between
the N and P genes of SeV and the start sequence was altered to reflect
each of the four possible sequences (Kato et al. 1999). Surprisingly, the F
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gene-start directed a lower level of transcription than each of the other
three. The biological significance of this was examined by modifying the
authentic F gene-start of wild-type SeV to that of the P, M, and HN
genes. The resultant recombinant expressed significantly more F protein,
as well as the two downstream genes HN and L, and replicated with fas-
ter kinetics in cultured cells and embryonated eggs. This recombinant
virus was also more virulent, having a 20-fold lower LDs; for mice than
wild type. Sequence analysis of muitiple SeV genomes indicates that the
gene-start-mediated downregulation of F is favored, implying that this
offers a selective advantage for the virus in nature (Kato et al. 1999).
These findings emphasize the fact that within the conserved cis-acting
signals the nonconserved positions may be highly relevant to the biology
of the virus in its natural environment.

3.3.3
Role of the Gene-End Sequence in Sequential Transcription

A central tenet of the stop-start model of sequential transcription is that
termination of transcription at a gene-end sequence is essential for initi-
ation of transcription at a subsequent gene-start site, and this is dis-
cussed in detail in Sect. 4. However, recent work with VSV has uncov-
ered a previously unrecognized role of the gene-end sequence in tran-
scription of a downstream mRNA. To examine the role of a gene-end se-
quence on transcription of the downstream mRNA, the VSV gene-end
sequence was duplicated such that the upstream copy was used for ter-
mination and polyadenylation of the first mRNA. This approach allowed
examination of the role of the second copy of the gene-end sequence on
transcription of the downstream gene independent of its role in
polyadenylation and termination. Surprisingly, the U7 tract of this sec-
ond gene-end sequence was necessary for optimal transcription of the
downstream gene. Altering the sequence or changing the length of this
U7 tract significantly decreased transcription of the downstream gene.
These experiments show that in the context of a wild-type gene junction,
the U7 tract of the gene-end sequence is multifunctional, providing sig-
nals for termination and polyadenylation of the upstream mRNA and
also signals that are essential for efficient transcription of the down-
stream gene (Hinzman et al. 2002).
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4
Signals Involved in Termination of Transcription

4.1
Introduction

The concept that transcription of a downstream gene cannot occur with-
out termination of the gene directly upstream is central to the generally
accepted stop-start model of NNS RNA virus transcription. Expression
of NNS RNA virus genes can therefore be regulated by not only cis-act-
ing signals that affect transcription initiation, but also those that act at
the level of transcription termination of an individual gene. Importantly,
however, these two regulatory strategies are fundamentally different. Re-
duced transcription caused by an altered initiation signal globally re-
duces expression of all genes downstream of the alteration. In contrast,
reduced transcription caused by changes at a termination signal reduces
expression of the gene immediately downstream of the change, but be-

Fig. 4 Termination is a mechanism of gene regulation within the confines of a single
promoter. A viral genome is depicted as a solid black line with gene-start and stop
sequences indicated by the gray and hatched boxes, respectively. During mRNA syn-
thesis (upper panel) efficient termination at a gene-end 1 leads to efficient initiation
at gene-start 2. If termination fails to occur (bottom panel), expression of gene 2 is
suppressed, but this leads to an increase in transcription of each subsequent gene,
by bypassing an attenuation step
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cause an attenuation step is by-passed, expression of genes located
downstream will be increased (Fig. 4). Alteration of termination ability
therefore provides the potential for great flexibility in regulation of gene
expression.

4.2
The Signals Involved in Transcription Termination

Transcription termination in NNS RNA viruses is controlled by sequence
elements that are located within gene junction regions that form the bor-
ders between upstream and downstream genes. These gene junctions are
linear sequences that comprise the gene-end of an upstream gene, the
gene-start of a downstream gene, and the intergenic sequence that sepa-
rates these two elements. During the process of termination, sequences
within the gene junction signal the RdRP to synthesize a 100- to 300-nt-
long poly (A) tail at the 3’ end of the nascent transcript and then allow
the modified transcript to be released or terminated, thus allowing the
RdRP to proceed to transcribe the gene downstream. For VSV, mutagen-
ic analysis of the gene junction has shown that transcription termination
can be signaled by a linear sequence comprising the 11-nt-long gene-
end sequence and the first nucleotide of the intergenic sequence (Barr et
al. 1997a, b; Stillman and Whitt 1997; Hwang et al. 1998; Hinzman et al.
2002). This finding that the downstream gene-start sequence is not re-
quired for termination signaling correlates with the observation that the
VSV L gene-end is not followed by a gene-start sequence, yet is able to
efficiently signal termination of the L mRNA (Schubert and Lazzarini
1981).

Whether the termination signals of other NNS RNA viruses also com-
prise just the gene-end and the first position of the intergenic sequence,
like that of VSV, remains to be tested. Recent evidence suggests that this
is not the case for HPIV-1, because nonconserved sequences within the
downstream gene of a gene junction have been shown to affect the abili-
ty of the termination signal immediately upstream to be recognized by
the transcribing RARP (Bousse et al. 2002).
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4.3
The NNS RNA Virus Gene-End Sequence

Nucleotide sequence analysis of many viruses from the order Monone-
gavirales allows the identification and comparison of their gene-end and
intergenic sequences, and many of these are listed in Table 2.

Indicative of their common functions in mRNA 3’ end poly (A) tail
formation, the gene-end sequences share common features, the most
striking of which is the presence of a U-tract between 4 and 8 nt in
length. All available evidence indicates that this short run of U residues
acts as the template for synthesis of the NNS RNA virus mRNA 3’ poly
(A) tail through the process of reiterative transcription. This process in-
volves correctly templated RNA synthesis followed by realignment of the
template and nascent strand relative to the RARP polymerization site.
Cycles of these steps allow the nucleotides of the U-tract to be repeatedly
copied and thus generate a poly (A) tail many times the length of the
U-tract template. Comparison of gene-end sequences of numerous NNS
RNA viruses reveals both strong conservation of a C residue directly up-
stream of the U tract and also the presence of nucleotides upstream of
this position that are A/U rich in composition (Table 2). Examination of
the 4 nt directly upstream of the U tract reveals that there is frequent
preference for the sequence 3’-AUUC-5'. As with the U-tract, the degree
of sequence conservation in this upstream region of the gene-end im-
plies a common mode of signaling. Possible functions of these conserved
sequences elements are discussed below.

4.3.1
Conservation of the NNS RNA Virus Gene-End Sequence

Some members of the Mononegavirales order (Table 2) have sequences
at the end of each gene that are all alike, whereas others have little con-
servation outside of the presence of the ubiquitous U-tract. At one ex-
treme, the gene-end sequences of individual members of the Rhabdoviri-
dae family show a remarkably high level of sequence consistency, with
most members of this family possessing gene-ends having uniform
lengths of U-tract in addition to identical upstream sequences. An exam-
ple of this is VSV, in which each gene-end sequence is invariant. A simi-
lar level of sequence consistency is also found for Ebola and Marburg
viruses of the Filoviridae family. In contrast, within the diverse
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Table 2 Comparison of consensus gene end and intergenic sequences of members of
the order Mononegavirales*

Virus Gene end Intergenic Accession
no.
Family Rhabdoviridae
VSIV AUACUUUUUUU gA NC001560
RV ACUUUUUUU Variable NC001542
SYNV AUUCUUUUUUU GG NC001615
SVCV AUACUUUUUUU GA NC002803
Sigma GUACUUUUUUU Variable, N/A
2 overlaps
LNYV CUAAAUUCUUUU Variable N/A
VHSV UCUAUCUUUUUUU ND NC000855
TIHNV UCUgUCUUUUUUU ND NC001652
HIRRV UCUAUCUUUUUUU ND N/A
BEFV aUACUUUUUUU ND, 1 overlap NC002526
ARFV aUACUUUUUUU ND, 1 overlap N/A
Family Filoviridae
EBO UAAUUCUUUUUu Variable, NC004161
3 overlaps
MBG UAAUUCUUUUU Variable, NC001608
1 overlap
Family Paramyxoviridae
HV UAAuUcCUUUUU GAA NC001906
NV AAuUNnUUUUU GAA NC002728
Genus Respirovirus
SeV UnAUUCUUUUU GaA NC001552
HPIV-1 UUAUUCUUUUU GcA NC003461
HPIV-3 UuauunUUUUUu GAA NC001796
Genus Rubulavirus
SV5 aAaauUCUUUUuu Variable AF052755
Sv4l AAaQUUCUUUUUuU Variable X64275
MuVv aauUCUUUUUUu Variable AB000388
HPIV-2 uUAaAUUCUUUUUuu Variable NC003443
NDV AAUCUUUUUUu Variable AF077761
Genus Morbillivirus
MeV auunUUUUuu GaA AF0l16162
CcDv aaunUUUUuuu GaA AF014953
RPV aaunUUUUuu GaA 230697
TPMV uAaUcUUUUUu GAA AF079780
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Table 2 (continued)

Virus Gene end Intergenic Accession
no.

Subfamily Pneumovirinae

HRSV aUCAAU 3-4 nt UUUUuuu Variable, AF013254
1 overlap

BRSV Uca 2-4 nt UUUUuuu Variable, AF092942
1 overlap

PVM AUCAAUu 1-2nt UUUUuuu Variable N/A

2 Invariant nucleotides are shown as upper case letters, and lower case letters indi-
cate the most frequent nucleotide at positions showing variation between two possi-
ble nucleotide choices. Nucleotides having three or more choices are shown as n
(nonconserved). The minimum U-tract lengths for each virus are shown in upper
case, and variation in length is shown with lower case characters. The nucleotide
lengths of the nonconserved Prneumovirinae central region are shown. Accession
numbers for each virus are shown, where available.

VSIV, vesicular stomatitis Indiana virus; RV, rabies virus; SYNV, Sonchus yellow net
virus; SVCV, spring viremia of carp virus; sigma, sigma rhabdovirus; LNYV, lettuce
necrosis yellows virus; VHSV, viral hemorrhagic septicemia virus; IHNV, infectious
hematopoietic necrosis virus; HIRRV, hirame rhabdovirus; BEFV, bovine ephemeral
fever virus; ARV, Adelaide river virus; EBO, Ebola virus; MBG, Marburg virus; HV,
Hendra virus; NV, Nipah virus; SeV, Sendai virus; HPIV-1 and 3, human parain-
fluenza viruses 1 and 3; SV5 and 41, simian viruses 5 and 41; MuV, mumps virus;
HPIV-2, human parainfluenza virus 2; NDV, Newcastle disease virus; MeV, measles
virus; CDV, canine distemper virus; RPV, rinderpest virus; TPMV, Tupaia para-
myxovirus; HRSV, human respiratory syncytial virus; BRSV bovine respiratory syn-
cytial virus; PVM, pneumonia virus of mice

Paramyxoviridae family, there is a broad range of sequence variation.
The greatest conservation is found in two members of the respirovirus
genus, namely Sendai virus (SeV) and human parainfluenza virus 1
(HPIV-1), whereas the greatest diversity is found in members of the
morbillivirus genus. In fact, the low level of gene-end sequence conser-
vation exhibited by several morbillivirus members, such as measles virus
(MV), raises the question of how the gene-end sequences are distin-
guished from similar sequences that lie within coding regions of the MV
genome. Perhaps the highly conserved intergenic regions play a greater
role in termination in the morbilliviruses.

Lying midway between the variable morbillivirus gene-end sequences
and the largely invariant rhabdovirus gene-ends are those of the pneu-
moviruses. The gene-end sequences of pneumoviruses possess both
a highly conserved A/U-rich upstream element and a characteristic



Transcription and Replication of Nonsegmented Negative-Strand RNA Viruses 93

U-tract, but these are separated by a short region that is variable in both
sequence and length. Whether the unusual layout of the pneumovirus
gene-end sequence is a consequence of fundamental differences in the
mechanism of mRNA 3’ end formation is currently unknown.

4.4
The NNS RNA Virus Intergenic Sequence

The intergenic regions of members of the order Mononegavirales display
a wide range of levels of sequence conservation. Many members of the
Rhabdoviridae family exhibit highly conserved intergenic sequences in
terms of both sequence composition and length, as do the respiroviruses
and also the newly emergent NV and HeV. In each of these cases, the in-
tergenic sequences are short and show a preference for the trinucleotide
3’-GAA-5' or the related dinucleotide 3’-GA-5'. Surprisingly, the morbil-
liviruses, which display little sequence conservation within their gene-
ends, show a high degree of conservation within the intergenic se-
quences, and again these viruses show a preference for the sequence 3'-
GAA-5'. In contrast, the pneumovirus and rubulavirus intergenic re-
gions show little or no sequence conservation, with the exception of
a common A residue as the last nucleotide, and further display great
heterogeneity in terms of sequence length.

4.5
Functional Analysis of the NNS RNA Virus Termination Signal

The ability to engineer the genomes of NNS RNA viruses through re-
verse genetics has allowed investigation of the roles of gene junction se-
quences in control of gene expression. The following section discusses
the functional analysis of the gene junction regions, drawing in particu-
lar from studies involving the highly conserved gene-end sequence of
the rhabdovirus VSV and also the less well-conserved gene-ends of the
rubulavirus SV5 and the pneumovirus HRSV.
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4.5.1
The VSV Termination Sequence Is Highly Conserved
and Uniformly Effective

For VSV, the transcription termination signal is contained within the
gene-end sequence and at least the first nucleotide of the intergenic re-
gion, with the second nucleotide of the intergenic and also the entire
gene-start sequence exerting little influence on termination signaling
ability (Barr et al. 1997a,b; Stillman and Whitt 1997; Hwang et al. 1998).
For VSV, and in fact for many members of the Rhabdoviridae family, the
gene-end and intergenic sequence elements are either invariant or dis-
play little divergence from a consensus sequence. Analysis of RNA syn-
thesis during a VSV infection has shown that termination of mRNA syn-
thesis for all genes examined is uniform (Iverson and Rose 1981), and
this finding is consistent with the level of sequence conservation within
this signal sequence. Furthermore, VSV readthrough RNAs that arise
when termination signals are ignored are present in extremely low abun-
dance during a VSV infection, confirming that the VSV termination sig-
nal is highly effective (Iverson and Rose 1981). For VSV, it appears that
consistent and high termination signaling ability has been selected, sug-
gesting that it is advantageous to the life cycle of this virus.

Functional Analysis of the VSV Termination Sequence. For ease of de-
scription, the VSV termination signal may be divided into the upstream
tetranucleotide, the U-tract, and the intergenic sequence. The tetranucle-
otide is strictly conserved as 3’-AUAC-5’, and all nucleotide changes re-
duce the termination signaling ability of this sequence (Barr et al. 1997a;
Hwang et al. 1998). However, the degree to which termination decreases
varies according to both the position and identity of the nucleotide
change. In general, the effect of nucleotide changes to 3’ positions of the
3’-AUAC-5' sequence are less damaging to termination signaling than
changes to those nucleotides more 5. Remarkably, any changes made to
the 5’ C residue abolish termination signaling. Intriguingly, when chang-
es are made to the three upstream conserved nucleotides (3'-AUA-5')
termination signaling is most severely reduced when the replacing nu-
cleotide is a C residue.

As with the conserved tetranucleotide sequence, the VSV U-tract is
also strictly conserved, having a consistent length of seven U residues.
Shortening the U-tract by a single nucleotide abolishes termination,
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leading to exclusive synthesis of readthrough RNAs (Barr et al. 1997a;
Hwang et al. 1998). Similarly, alteration of any of the seven U residues to
non-U nucleotides to interrupt the contiguous U-tract also abolishes ter-
mination (Barr et al. 1997a). Increasing the length of the U tract to U14
has little effect on the termination ability; however, it severely reduces
the ability of the altered gene junction to signal downstream mRNA ini-
tiation (Barr et al. 1997a). This finding suggested that U-tract length
may be limited because of a functional requirement for the process of
initiation rather than its role in termination. More recently, additional
functions of the VSV U7 tract in the process of initiation have been es-
tablished (Hinzman et al. 2002), and these are discussed in Sect. 3.3.3.

The intergenic sequence is the only region within the VSV termina-
tion signal that does not exhibit total conservation. The P/M intergenic
sequence 3'-CA-5' deviates from the consensus 3'-GA-5' at a single posi-
tion. However, this difference does not seem to be significant for viral
replication either in cultured BHK cells or animals (Ball et al. 1999;
Flanagan et al. 2000). By altering both positions of the intergenic dinu-
cleotide 3'-GA-5' to all 15 other possible permutations, it was revealed
that this sequence provides a signal not only for termination of up-
stream mRNA synthesis but also for initiation of downstream mRNA
synthesis (Barr et al. 1997b; Stillman and Whitt 1997, 1998). Alteration
of the first intergenic nucleotide was shown to primarily affect termina-
tion, whereas changes at the second position only affected downstream
initiation. Studies that have more radically altered the intergenic se-
quence in terms of not only sequence composition but also sequence
length have confirmed these findings (Barr et al. 1997b; Stillman and
Whitt 1997, 1998; Hinzman et al. 2002). On the basis of the relative
termination and initiation activities displayed by the various altered
intergenic sequences, the role of the VSV intergenic region in transcrip-
tion was suggested to be primarily in positioning a non-U residue be-
tween the U7 tract and the downstream gene-start sequence that begins
3-UUGUC-5' (Barr et al. 1997b).

In support of this notion, analysis of the variable rabies virus (RV) in-
tergenic sequence, which shows variation in both sequence and length,
has revealed that each of the four RV intergenic sequences signals ap-
proximately equal transcription termination, but they result in widely
different levels of initiation from the downstream gene (Finke et al.
2000). The attenuation effect was found to correlate closely with inter-
genic sequence length, with the 24-nt-long G/L gene intergenic sequence
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signaling only 11% downstream mRNA synthesis compared with the 2-
nt-long N/P intergenic sequence.

4.5.2
The Termination Sequences of HRSV and SV5 Exhibit Variable Sequence
Conservation and Termination Signaling Ability

In contrast to VSV, the gene-ends and intergenic regions of both HRSV
and SV5 exhibit considerable variation. Despite this, the gene-ends of
both viruses conform to the previously described format, having both a
conserved U-tract and an upstream sequence that is A/U rich in nucleo-
tide composition. HRSV is different, however, in that these two sequence
groups appear to be separated by a third set of nucleotides that are poor-
ly conserved in both sequence and length.

Analysis of RNA synthesis in both HRSV- (Collins and Wertz 1983)
and SV5-infected cells (Rassa and Parks, 1998) has shown that a sub-
stantial proportion (approximately 10%) of the viral transcripts exist as
polycistronic readthrough RNAs, indicating that the termination signal
at certain gene-ends is often ignored. Furthermore, for both of these
viruses, the relative abundances of the various readthrough RNAs are
not consistent. For HRSV, readthrough RNA synthesis is most abundant
for the NS1/NS2 gene junction (Collins and Wertz 1983) whereas read-
through RNAs at the SH/G gene junction are not observed (Collins and
Wertz 1983). For SV5, synthesis of readthrough RNAs containing the M
and F gene sequences predominate (Rassa and Parks 1998). The varia-
tion within the gene-end sequences of these viruses allows a rational ex-
planation for the observed differences in readthrough RNA abundances,
and consequently the role of conserved nucleotides within these termi-
nation signals have been the subject of close scrutiny.

Defining the HRSV Termination Sequence: Involvement of the Intergenic
Region. HRSV transcription termination was first assessed with a re-
porter gene assay in which each gene-end was separated from its accom-
panying intergenic sequence. In this context, all gene-end sequences sig-
naled approximately equal levels of termination, with the sole exception
of the NS1/NS2 gene-end, which was found to constitute the least effec-
tive signal of all (Kuo et al. 1996a). By positioning the highly variable
HRSYV intergenic sequences between consensus gene-end and gene-start
sequences, initial studies also showed that the role played by the inter-
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genic sequence in signaling termination was, at most, minor (Kuo et al.
1996a). However, analysis of termination signaling activity of each gene-
end sequence when paired with its corresponding natural intergenic and
gene-start sequences indicated that in this context the various gene-ends
showed substantially different termination abilities (Hardy et al. 1999),
which correlated with previous observations made in HRSV-infected
cells (Collins and Wertz, 1983). This finding suggested that the HRSV
termination signal is likely complex and involves interplay between the
gene-end and intergenic sequences. In support of these findings, recent
mutagenic analysis of the HRSV gene junction indicates that the inter-
genic region does contribute to termination signaling ability under cir-
cumstances in which the U-tract length is altered. Analysis of the HRSV
F/M2 gene-end sequence revealed that at least the first nucleotide of the
intergenic sequence makes a considerable contribution to the termina-
tion signal at this junction (Sutherland et al. 2001). In a separate study,
analysis of the M/SH gene junction showed that the first intergenic nu-
cleotide affected termination signaling, but only when the U-tract of the
M/SH gene-end was shortened from U6 to U4 (Harmon and Wertz
2002). These findings suggest that the intergenic sequence is a contribut-
ing component of the HRSV termination signal when the gene-end se-
quence has a U4 tract, and because four HRSV gene ends have a U4 tract
the intergenic sequence likely plays an important role in regulation of
HRSV gene expression.

In addition to heterogeneous sequence composition, the HRSV inter-
genic sequences also exhibit extreme diversity in terms of sequence
length, ranging from 1 to 56 nt. Insertion of related intergenic sequences
of up to 160 nt at an artificial M/G gene junction within a cDNA-derived
infectious HRSV variant conferred no detectable difference in steady-
state levels of viral mRNA synthesis and only modest differences in pla-
que size and single step growth kinetics (Bukreyev et al. 2000). These
findings indicated that when permissible intergenic sequences are used,
their length plays little part in HRSV transcription.

Functional Analysis of the HRSV Gene-End Sequence. The HRSV gene-
end sequence comprises the 3’-UCAAU-5' conserved upstream se-
quence, an A/U-rich nonconserved central region, and a U-tract between
4 and 8 residues in length. To assess their role in signaling termination,
these sequences have been subjected to extensive mutagenic analysis
(Harmon et al. 2001; Sutherland et al. 2001; Harmon and Wertz 2002). In
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general, the sensitivity of nucleotide changes within these signal se-
quences mirrored the level of conservation seen in the gene-end se-
quences of the wild-type HRSV, with the most highly conserved nu-
cleotides being sensitive to all types of nucleotide change. Of all 10
HRSV gene ends, only 1 possesses a deviation from the 3-UCAAU-5/,
which is the NS2 gene-end that has an A to U change at the final A resi-
due of this sequence. This nucleotide change was found to considerably
reduce termination signaling (Harmon et al. 2001), consistent with the
low termination ability of the intact NS2 gene junction (Hardy et al.
1999). The variable central region was not equally tolerant of nucleotide
changes, indicating that it does not function solely as a spacer region
(Harmon et al. 2001; Sutherland et al. 2001). In general, nucleotide
changes that maintained an A/U-rich sequence composition were toler-
ated with only slight reduction in termination signaling ability.

The observation that the HRSV gene-ends contain U-tracts of varying
lengths suggests that the requirement for a specific length of U-tract is
not rigid. This is in contrast to the case of VSV described above and has
been confirmed by mutagenic analysis (Harmon et al. 2001; Sutherland
et al. 2001). However, although the length of the U-tract appears not to
be stringent, the relative position it occupies within the gene-end se-
quence has been shown to be critical. Increasing or decreasing the
length of the central region such that the U-tract is either brought up-
stream or moved downstream by as little as one nucleotide position has
been shown to severely reduce termination signaling (Harmon et al.
2001; Sutherland et al. 2001).

Poor Termination at the SV5 M/F Gene Junction. As with HRSV, the ru-
bulavirus, SV5 generates abundant readthrough RNAs, the most popu-
lous being the M/F readthrough transcript (Rassa and Parks 1998). Cor-
relating with this finding, the M gene-end sequence differs from that of
the SV5 overall consensus sequence, most strikingly in that it is the only
SV5 gene-end to possess a short U4-tract. However, mutational analysis
of the SV5 gene-end sequence showed that the unusually short U-tract
was not responsible for poor termination at the M gene-end (Rassa and
Parks 1998). Rather, the poor termination ability of this gene-end se-
quence was found to be caused by a single nucleotide deviation from the
SV5 consensus sequence within the conserved upstream A/U-rich se-
quence. Further mutagenic analysis of the SV5 M/F gene junction dem-
onstrated that the intergenic region contributed to the SV5 termination
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signal, although this effect appeared to be specific for the M/F gene junc-
tion. For both SV5 and HRSYV, the presence of a U4-tract at the gene-end
allows sequences within the intergenic region to influence the RARP dur-
ing the process of transcription termination (Rassa and Parks 1998,
1999; Sutherland et al. 2001; Harmon and Wertz 2002). The question of
whether the intergenic sequences of these viruses influence termination
ability in other gene-end sequence contexts is a complex issue that is
currently unresolved.

In conclusion, VSV possesses gene-end and intergenic sequences that
are essentially invariant, and as a result their termination abilities are in-
distinguishable. In contrast, the gene-end and intergenic sequences of
HRSV and SV5 display much greater sequence diversity and consequent-
ly exhibit widely different termination signaling abilities. Why these two
different expression strategies have been adopted is currently not clear
but is likely due to a requirement for differential expression of certain
genes during the viral life cycle in response to various selective pres-
sures.

4.6
Mechanism of Termination

As discussed above, the functional role played by many of the conserved
nucleotides of the gene-end have been described in detail. However, pre-
cisely how these nucleotides modify the activity of the transcribing
polymerase and cause transcriptional termination is still poorly under-
stood.

The only mechanistically based studies to date have been for VSV,
and these studies have centered around the ability of the gene-end se-
quence to signal reiterative transcription to generate the 3’ mRNA
poly(A) tail. The observation that mutations that either shortened or in-
terrupted the U-tract failed to signal termination and at the same time
failed to support reiterative transcription provided strong evidence that
reiterative transcription with the subsequent generation of 3’ poly (A)
sequences were essential steps in the termination process (Barr et al.
1997a). The possibility that the process of reiterative transcription alone
was sufficient to signal termination was ruled out by replacing the tem-
plate U7-tract with an A7-tract. Although this sequence was able to sig-
nal reiterative transcription to generate a poly(U) sequences, it was un-
able to signal termination (Barr et al. 1997a). This indicated that either
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the template U7-tract or the subsequently generated poly(A) tail con-
tained an essential termination signal.

The idea that reiterative transcription is an essential step in the termi-
nation process was further supported by the finding that a mutation of
the conserved upstream 3’-AUAC-5’ tetranucleotide that prevented reit-
erative transcription also prevented termination (Barr et al. 1997a). Fur-
ther mutational analysis of this conserved tetranucleotide also indicated
that reiterative transcription was enhanced when this sequence was A/U
rich in nucleotide composition but reduced when it was G/C rich (Barr
and Wertz 2001). This finding implied that weak base pairing between
the template and nascent strand within this region was likely an impor-
tant requirement for allowing reiterative transcription to occur. Based
on the probable role of reiterative transcription in the termination pro-
cess of all NNS RNA viruses, this finding offered experimental evidence
for why sequences upstream of the U-tract of most of these viruses are
A/U rich.

The finding that NNS RNA virus gene-end sequences could function
as transcription terminators in a variety of heterologous sequence con-
texts suggested that a termination signal consists entirely of a linear se-
quence element. However, a recent study has revealed that termination
depends on more than just recognition of this linear sequence (Whelan
et al. 2000). These experiments showed that the VSV RdRP is unable to
terminate transcription at a wild-type gene-end sequence within a tran-
scriptional unit less than 51 nt in length. This observation suggests that
the ability of an RARP to terminate transcription depends on a modifica-
tion to an actively transcribing RdRP, or to the nascent mRNA itself dur-
ing an early stage of the elongation process. These findings, in combina-
tion with previous studies that observed altered termination signaling as
a result of defective 5 mRNA cap methylation (Rose et al. 1977) and the
demonstration that polymerase processivity was altered by changes to
the gene-start sequence (Stillman and Whitt 1999), led to the suggestion
that the process of termination may be mechanistically linked to that of
initiation.

4.7
Cotranscriptional Editing in the Subfamily Paramyxovirinae

NNS RNA viruses share the ability to polyadenylate their mRNAs, and
all available evidence indicates that this activity is performed by the vi-
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ral RARP in response to specific template signals located within the
gene-ends of each respective virus. As described above, polyadenylation
is thought to occur by reiterative transcription, in which repeated cycles
of template and nascent strand realignment followed by correctly tem-
plated RNA synthesis lead to the generation of long stretches of poly(A)
from a relatively short U-tract template.

With just one notable exception (HPIV-1), all members of the sub-
family Paramyxovirinae of NNS RNA viruses perform an activity that
appears related to polyadenylation known as editing or pseudo-templat-
ed transcription, which results in the genetically programmed insertion
of one or more G residues at a defined 3’-U,C,-5 site within their re-
spective P genes. This process was first described for the rubulavirus
SV5 (Thomas et al. 1988). The specific nucleotide insertions generate
three distinct mRNA species that cause the unique ORF located up-
stream of the editing site to be fused to each of the three ORFs posi-
tioned downstream of the site. For members of the respirovirus and mor-
billivirus genera (and also Newcastle Disease virus, NDV) the unedited
P gene mRNA encodes the P protein and the frequently observed inser-
tion of a single nucleotide accesses the alternate downstream V ORF (or
D ORF in HPIV-3). In contrast, for members of the rubulavirus genus,
an unedited mRNA allows access to the V ORF and the predominant in-
sertion of 2 nt generates an mRNA that accordingly encodes the P pro-
tein. Because the downstream P protein ORF acts as an essential RARP
cofactor and the V protein ORF acts as an antagonist of the innate im-
mune response, control of P gene editing and its effects on the relative
expression of these P gene ORFs is likely to be vital to the viral life cycle.

Cotranscriptional editing has been best studied for the prototypic re-
spirovirus, SeV, and by extensive mutagenesis of the 3'-UsCs-5" editing
site and the surrounding nucleotides, the cis-acting sequences that
control the editing process have been defined (Park and Krystal 1992;
Hausmann et al. 1999a; Hausmann et al. 1999b). The frequency at which
different numbers of G residues are inserted is controlled by both nucle-
otides within the conserved U,C, motif and also six nucleotides up-
stream of the U,-tract, with the two nucleotides most proximal being of
greatest influence (Hausmann et al. 1999b). Interestingly, specific alter-
ations within the conserved 3'-UsC;-5" sequence switched the editing ac-
tivity from one of precisely controlled G insertion to uncontrolled A in-
sertion much like the process of polyadenylation and thus provide evi-
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dence that the signals that control these two RARP activities may be re-
lated.

In an attempt to understand how the sequence of an editing site de-
termines the pattern of nucleotide addition, a competitive kinetic model
has been proposed (Hausmann et al. 1999b). This model suggests that
the transcribing RARP first stalls at the editing site, perhaps resulting
from the low stability of the template-nascent strand hybrid in the vicin-
ity of the editing sequence. The stalled RARP can then enter one or more
cycles of polymerase and nascent strand realignment followed by cor-
rectly templated transcription that continue until hybrid realignment is
no longer energetically favored. Importantly, the nucleotide sequence of
the editing site governs the number of cycles taken for this state to be
reached and consequently determines the number of nucleotide inser-
tions that occur.

All viruses that edit their P gene mRNAs also conform to the “rule of
six”, (described in Sect. 2.2), and the recent demonstration that the hex-
americ phase of the editing site can alter the pattern of G insertions led
to the suggestion that these attributes are functionally linked and fur-
thermore have likely coevolved (Kolakofsky et al. 1998). The ability of
hexamer phase to affect RARP stuttering activity led to the suggestion
that the N protein may provide additional information that allows the
Paramyxovirinae RARP to distinguish editing sites from those that sig-
nal the functionally related activity of polyadenylation (Iseni et al. 2002).

4.8
Reduced Expression of L and F Genes

Within the framework of the stop-start model of transcription, attenua-
tion at gene junctions results in reduced expression of genes located 5’
proximally compared with those positioned closer to the 3’ end. Without
exception, the L genes of all NNS RNA viruses are located in the 5 prox-
imal location and consequently are expressed with low abundance be-
cause of their position. However, many viruses within this group have
been shown to further reduce L gene expression through the presenta-
tion of cis-acting signals that result in the specific decrease of L gene
mRNA synthesis.

For the Rhabdoviridae family members RV and VSV (New Jersey),
low L gene expression has been shown to be a result of sequences within
the intergenic regions that precede the L gene start (Stillman and Whitt
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1998; Finke et al. 2000). For RV, the primary attenuating effect was
thought to be due to the length of the intergenic region, whereas for
VSV (New Jersey), the specific sequence of the intergenic was also con-
sidered to be important for the observed attenuation effect. In contrast,
for VSV (Indiana), the observed low L gene expression is known to be
controlled by sequences outside of the conserved gene junction se-
quence. Analysis of RNAs generated from rearranged VSV (Indiana)
viruses suggest that sequences downstream from the L gene start site are
involved in signaling low L gene expression (Wertz et al. 1998; Ball et al.
1999; Wertz et al. 2002).

Reduced L gene expression is also a feature of the pneumovirus mem-
ber HRSV (Collins and Wertz 1983), and this effect is thought to be due
to the unusual positioning of the L gene-start sequence upstream of the
M2 gene-end sequence (Collins et al. 1987). The gene-overlap configura-
tion implies that HRSV RARP molecules that terminate M2 mRNA syn-
thesis are able to migrate upstream and initiate transcription at the L
gene-start, and this explanation is supported by experimental evidence
(Fearns and Collins 1999). However, to transcribe full-length L mRNAs,
the transcribing RARP must ignore the M2 gene-end signal located just
downstream of the L gene-start signal. Despite these apparent obstacles,
attenuation at the M2/L gene junction is approximately only double that
of other HRSV gene junctions (Fearns and Collins 1999). The low level
of attenuation that results from the overlapping arrangement may be
due to the ability of RARPs that prematurely terminate L mRNA synthe-
sis being able to repeatedly migrate upstream and reinitiate transcrip-
tion at the L gene-start site. Studies with VSV demonstrate that a gene-
end sequence must be positioned a minimal distance from a gene-start
sequence for termination to occur (Whelan et al. 2000). Extrapolating
from this study, it seems likely that the 68-nt overlapping arrangement
of the RS M2/L genes reduces the efficiency of termination of poly-
merases that initiate at the L gene-start.

In addition to reduced L gene expression, several viruses have devel-
oped strategies to reduce expression of their respective F genes. Howev-
er, in contrast to the case of reduced L gene expression described above,
the common strategy for reduction of F protein expression is by modu-
lating the termination ability of the upstream gene-end sequence, thus
preventing RARP access to the F gene-start site. Perhaps the most strik-
ing example of reduced F gene expression is that of the rubulavirus
SV41 (Tsurudome et al. 1991). Transcription termination by the SV41
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RARP at the upstream M gene occurs so rarely that monocistronic F mR-
NAs are undetectable, and thus all F gene mRNA sequences are present
within M/F readthrough RNAs. Reduced F gene expression is also a fea-
ture of the respiroviruses, HPIV-1 (Bousse et al. 1997) and the rubula-
virus, SV5 (Rassa and Parks 1998). Recently it was proposed that high
readthrough at the SV5 M/F gene junction serves as a mechanism to
control viral transcription and growth by altering RARP access to genes
located more 5’ proximal, in particular by altering the ratio of the RdARP
associated proteins, N, P, and L (Parks et al. 2001).

5
Importance of Gene Order and Transcriptional Control
to the Viral Life Cycle

5.1
Introduction

NNS RNA virus genomes contain from 5 to 10 genes and, as described
above, the order of the 4 genes common to all families is conserved. The
N, P, and M genes are always located as a group at, or near, the genomic
3’ terminus in the invariant order 3'-N-P-M, and the L gene encoding
the major component of the RARP is always the most promoter distal
gene. The genes encoding the various glycoproteins are located between
these two groups and are found in a variety of orders. Because gene ex-
pression of NNS RNA viruses is controlled primarily at the level of tran-
scription by the position of the genes relative to the single transcription-
al promoter, this means that the promoter proximal gene is transcribed
in greatest abundance and each successive gene is transcribed in pro-
gressively lower amounts because of attenuation at each gene junction.

How important is the observed conservation of gene order of the NNS
viruses and the resultant impact it has on the transcriptional expression
program to overall replicative fitness? This question was addressed di-
rectly once it was possible to engineer NNS RNA genomes at the cDNA
level and recover infectious viruses. The importance of transcriptional
control to the virus life cycle has been tested from several perspectives:
(1) by manipulation of gene orders at the cDNA level and recovery of
infectious viruses, (2) by addition of extra heterologous genes, and (3)
by alteration of critical transcription signals.
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5.2
Adding Genes to NNS RNA Virus Genomes

Heterologous genes have been inserted into the genomes of representa-
tives of the genera of most of the NNS RNA viruses, at a variety of posi-
tions, with varying effects on replication and expression levels (Bukreyev
et al. 1996; Schnell et al. 1996; Hasan et al. 1997; He et al. 1997; Spiel-
hofer et al. 1998; Singh et al. 1999; Krishnamurthy et al. 2000; Walsh et
al. 2000). The heterologous genes, which have been added to the gen-
omes at the cDNA level by genetic engineering and then infectious virus
recovered, have been stably maintained in the recovered viral genomes
in all cases. However, the stability of expression of the added genes has
varied and is discussed in detail below. The effects on viral replication of
adding an additional gene have also varied considerably: from little or
no effect on replication levels in the case of insertion of GFP into the rin-
derpest genome between the P and M genes (Walsh et al. 2000) to the
lowering of replication by 100-fold in the case of insertion of the CAT
gene into NDV between the HN and L genes (Krishnamurthy et al. 2000)
or as observed in the case of addition of three genes to the genome of
HPIV3 (Skiadopoulos et al. 2002).

5.2.1
Effects on Replication and Expression as a Function of Position of Insertion

There was no correlation between position of insertion and observed ef-
fects on replication that emerged from numerous reports described
above until two different studies were reported, one with VSV and one
with SeV, in which an additional gene was inserted into the genome at
each of the gene junctions (Tokusumi et al. 2002; Wertz et al. 2002).
These studies tested both the effect on replication of gene insertions at
each junction and also the principle that gene expression is controlled
by the position at which a gene is located relative to the single promoter.
In the VSV study, engineered viruses were generated in which an addi-
tional, identical transcriptional unit with the conserved VSV transcrip-
tional start and stop sequences was added to the genome at each of the
viral gene junctions (Wertz et al. 2002). However, to avoid the possibility
of feedback of a protein product affecting some step in transcription or
replication, the added transcriptional unit in the VSV study contained
no translational start site or major ORF. Significantly, because the added
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gene was not essential for viral replication there was no positive pressure
for maintaining or expressing the gene. The levels of expression of the
genes inserted at each gene junction, the relative replication levels of the
viruses, and both genetic stability and stability of gene expression were
examined. Direct analysis of transcripts confirmed that the level of tran-
scription of the inserted “I” gene was determined by the position of the
gene relative to the promoter. The most abundant relative synthesis was
from between the first two VSV genes, N and P, with progressively lower
amounts expressed from between successive gene pairs. The molar
amounts of the I mRNA expressed from the N:P, P:M, M:G, and G:L junc-
tions were 0.7, 0.5, 0.3, and 0.2 respectively, relative to a molar ratio of
1.00 for the first VSV gene, N. These data were consistent with attenua-
tion of transcription of approximately 20%—30% across each gene junc-
tion, and they directly confirmed that gene expression is controlled by
the position of a gene relative to the promoter.

The position at which the extra gene was inserted in the VSV genome,
however, affected the replication potential of the viruses. Addition of a
gene between the first two genes, N and P, reduced replication by over
an order of magnitude, whereas addition of a gene at the other gene
junctions had no effect on replication levels. All genes downstream of
the inserted gene were found to have decreased levels of expression in
all cases, because transcription of the extra gene introduced an addition-
al transcriptional attenuation event.

In the SeV study, an additional reporter gene, secreted alkaline phos-
phatase (SEAP), was added at each gene junction and also between the L
gene and trailer (Tokusumi et al. 2002). Expression of the inserted gene
was measured by a fluorescent reporter assay rather than by direct
mRNA analysis as in the VSV study. A progressive decrease in expres-
sion was observed also in this study as the position of the added gene
was progressively farther from the 3’ genomic end. A 30-fold drop was
seen in expression level between a gene placed at the 3’ most position
versus one placed at the end of the L gene.

In the case of the SeV viruses with inserted genes, however, a progres-
sive decrease in replication levels was observed that correlated with the
position of the inserted gene: Generally, 3’ proximal insertions decreased
replication levels more strongly than those farther from the promoter.
The virus having the SEAP gene inserted upstream of the N gene was
the slowest and lowest in replication, whereas the virus having the SEAP
gene following the L gene replicated nearly the same as the wild-type vi-
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rus. In all of the SeV constructs a unique Notl restriction site was intro-
duced at the intergenic regions, but the “rule of six” was maintained
(Tokusumi et al. 2002).

5.2.2
Physical Stability of Inserted Genes Versus Stability of Their Expression

The physical stability in the genome of additional genes inserted into
several NNS RNA virus genomes has been analyzed. On repeated pas-
sage, the added genes have been found to be stably maintained in the ge-
nome in all cases (Bukreyev et al. 1996; Mebatsion et al. 1996; Schnell et
al. 1996; He et al. 1997; Bukreyev et al. 1999). This may be a reflection of
the fact that homologous recombination has not been observed in the
NNS RNA viruses, providing no easy means for exact removal or ex-
change of genes. Additionally, the expression of added genes, when locat-
ed distally from the promoter (between the G or HN and L genes, for ex-
ample), of several viruses has been found to be stable throughout multi-
ple passages (Bukreyev et al. 1996; Mebatsion et al. 1996; Schnell et al.
1996; He et al. 1997; Bukreyev et al. 1999). However, when the expression
of the added gene was investigated as a function of the position of inser-
tion as in the case of VSVs having genes inserted at all of the gene junc-
tions, position was found to be an important factor in stability of expres-
sion (Wertz et al. 2002). Expression of the added genes in VSV was sta-
ble at only three of the four positions. In the case of insertion between
the N and P genes, where insertion resulted in a significant inhibition of
replication, a virus population arose within two passages that had re-
stored replication to wild-type levels (Wertz et al. 2002). In this popula-
tion, expression of the additional gene as a monocistronic mRNA was
suppressed by mutations at the end of the upstream (N) gene that abro-
gated transcriptional termination. Because transcription is obligatorily
sequential, this prevented transcription of the inserted downstream gene
as a monocistronic mRNA and resulted instead in polymerase reading
through the gene junction to produce a bicistronic mRNA. This elimi-
nated the additional attenuation step and restored expression of all
downstream genes and viral replication to wild-type levels. These data
reinforce previous data showing that appropriate relative molar ratios
of the N and P proteins are important for genome replication of VSV
(Howard and Wertz 1989). The presence of the additional gene between
the N and P genes that introduced an additional transcriptional attenua-



108 S. P. J. Whelan et al.

tion step presented a selective disadvantage to replication. These data
also show that transcriptional termination is a key element in control of
gene expression of the negative-strand RNA viruses and a means by
which expression of individual genes may be regulated within the frame-
work of a single transcriptional promoter. Furthermore, these results are
directly relevant to the use of NNS viruses as vectors and vaccine deliv-
ery agents because they show that the level of expression of an added
gene can be controlled by its insertion position, but that not all positions
of insertion yield stable expression of the added gene.

5.2.3
Selective Pressure Identifies Sequences Critical to Transcription

The selective disadvantage of introducing an additional gene with its at-
tendant additional attenuation step between the N and P genes of VSV,
and thereby upsetting the molar ratios of the N and P proteins, provided
an unexpected bonus. It provided selective pressure to eliminate expres-
sion of the added gene and its extra attenuation step. This occurred
within two passages by accumulation of mutations that eliminated ter-
mination at the end of the upstream N gene, thereby preventing initia-
tion of the downstream inserted gene as a monocistronic mRNA. This
provided a means to identify sequence elements essential for transcrip-
tional termination by natural selective pressure (Wertz et al. 2002).

The RARP of RNA viruses including VSV have a high error rate (Stein-
hauer and Holland 1986; Steinhauer et al. 1989) and no proofreading
mechanism (Steinhauer et al. 1992), and the viruses thus exist as a qua-
si-species (Eigen et al. 1981; Eigen and Biebricher 1988). Despite the fact
that the engineered viruses were recovered from cDNA, a stringent clon-
ing experience, by the time that they had been passaged they had been
amplified many thousandfold and could be expected to exist as a quasi-
species with a broad range of sequence options available for selection.
Analysis of the gene junction sequences of the initial and passaged
viruses are consistent with this. The original passage of the virus that
contained a transcriptional unit inserted (I) between the N and P genes
(NIP virus) had wild-type sequence at the N/I junction and expressed
abundant monocistronic I mRNA, but after two passages, the expression
of I mRNA was almost completely suppressed. Correlating with that sup-
pression was the accumulation of sequence alterations at the N gene-end
identified by analysis of individual clones of independent RT-PCR am-
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plifications, consistent with a viral population representing viruses with
N gene-end sequences selected that abrogated termination. Roughly 80%
of the mutations represented shortening of the WT U7-tract to U6 or in-
terrupting it with a heterologous nucleotide, whereas 10% altered the
conserved AUAC gene sequence (Wertz et al. 2002). All these observed
changes had been tested during previous site-directed mutagenesis of
the gene junction sequence, and each had been shown to abrogate termi-
nation of transcription (Barr et al. 1997a). Thus the importance of the
conserved 3’-AUACU7-5' tract in termination has now been confirmed
by two different approaches—one involving natural selection. These
data also confirmed the obligatorily sequential nature of transcription
and the requirement for termination of transcription of each upstream
gene in order to initiate synthesis of each downstream gene.

5.3
Rearranging the Order of Genes in the Genome

There is strong conservation of the overall order of genes among all
Mononegaviruses as described above. Because homologous recombina-
tion has not been observed in these viruses, there appears to be no easy
natural opportunity for rearrangement of gene orders. As a result, the
question of whether the existing orders are optimal arises. A method
was described to rearrange the order of the genes of VSV in an infectious
cDNA clone by using remote cutting restriction enzymes in such a man-
ner that the genes could be translocated without introducing other se-
quence changes and most especially without introducing changes in crit-
ical gene junction sequences (Ball et al. 1999). This allowed rearrange-
ment of gene orders so that one could test the importance of gene order
and its mandate on transcriptional control in the viral life cycle.

In one instance, engineered VSVs were generated in which the posi-
tion of the nucleocapsid gene, N, required in stoichiometric amounts to
support genome replication was translocated from its normal 3’-most
position to successively promoter distal positions (Wertz et al. 1998).
The expression of the N gene was reduced in a stepwise manner as it
was moved to successively promoter distal positions. As N gene expres-
sion decreased, so did overall viral genome expression, showing that the
overall replication potential of the virus could be controlled by altering
the expression levels of this one gene.
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Moreover, the pathogenesis of the virus in both swine (a natural host)
and in a mouse model was attenuated in a stepwise manner by the trans-
location of the N gene to successively promoter distal locations (Wertz
et al. 1998; Flanagan et al. 2000; Flanagan et al. 2001). Furthermore, it
was shown to be feasible to move genes involved in the establishment of
protective immunity such as the G gene to promoter proximal positions
to increase their level of expression and increase the level and speed of
the immune response (Flanagan et al. 2000). These data showed that it
was possible to use the principles of transcriptional control, in which
position of a gene is a major determining factor in its expression level,
to provide an approach for systematically altering the expression of key
genes involved in replication and pathogenesis of these viruses. This ap-
proach allows one to maintain a wild-type complement of genes but to
alter the expression of key genes involved in replication or in immune
responses at will to either increase or decrease their expression as need-
ed. Thus the approach of utilizing gene rearrangement to systematically
alter gene expression of the negative-strand RNA viruses provides a new
paradigm for development of live attenuated viral vaccines. This has
been successfully demonstrated with live attenuated VSV viruses where
a virus engineered to have the G gene in the first position and the N gene
moved to the fourth position protectively immunized swine, one of the
natural hosts of the virus, against wild-type VSV, without causing dis-
ease (Flanagan et al. 2001).

In other engineered VS viruses, the N and L genes were maintained at
their 3’- and 5’-most positions, respectively, but the three central genes
were rearranged to all possible positions (Ball et al. 1999). In all cases,
the transcription level of a gene was shown to be a function of its posi-
tion relative to the single promoter for transcription. Effects of these re-
arrangements on replication levels were less predictable, and in some
cases viruses were generated that replicated at least as well as those hav-
ing the wild-type gene order, when examined in single-step growth as-
says in cell culture or in replication in mouse brain. The ability to rear-
range the highly conserved gene order of these viruses at the cDNA level
and successfully recover infectious viruses suggests that the ancestral
gene order may have been frozen by the inability of these viruses to car-
ry out homologous recombination. Apparently as long as the expression
levels of the N and L genes are not disturbed, these viruses can tolerate
other genome arrangements that lead to alternate programs of transcrip-
tional expression. Importantly, however, experiments examining the rel-
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ative competitive fitness of these viruses have been initiated (I. Novella,
personal communication), and to date none of the viruses having rear-
ranged genomes is as fit as the wild-type gene order, suggesting that
within the extant order these viruses have evolved the optimal sequence.
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Abstract Efficient in vitro and in vivo systems are now in place to study
the role of viral proteins in replication and/or transcription, the regula-
tion of these processes, polyadenylation of viral mRNAs, the viral pro-
moter structures, or the significance of noncoding regions for virus rep-
lication. In this chapter, we review the status of current knowledge of the

orthomyxovirus RNA synthesis.
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5" AGCAAAAGCAGG ——AAAAAAN, CCUUGUUUCUACU 3' c¢RNA
G
T l Replication
3 UCGIéUUUCGUCC—UUUUUUNHGGAACAAAGAUGA 5 vRNA

l Transcription
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G G ApL3

Fig. 1 Schematic diagram of vRNA, cRNA, and mRNA synthesized during viral tran-
scription and replication in infected cells. The conserved 13 and 12 nucleotides at
the 5’ and 3’ ends of vRNA, respectively, are shown. The Us poly(A) signal near the
5' end of vVRNA, separated by 2 or 3 segment-specific residues from the conserved 13
5'-terminal residues, is also shown. The natural variation occurring at position 4 at
the 3’ end of vRNA (either U or C) is indicated. The cap structure and the 9-17 het-
erologous nucleotides (Cap-Ny_i7) at the 5’ end of mRNA are derived from host cell
pre-mRNAs

1
Overview of Influenza Virus Replication and Transcription

The minimal influenza virus replication complex consists of three poly-
merase subunits, PB2, PB1, and PA (encoded by the three largest seg-
ments of the influenza viral genome), the negative-sense viral RNA
(VRNA), and the nucleoprotein NP (encoded by the fifth segment),
which encapsidates the VRNAs. The resulting complex is referred to as
the viral ribonucleoprotein (vRNP) complex. Individual vRNP complex-
es are formed for each of the eight influenza A viral RNA segments. Dur-
ing transcription, the polymerase complex transcribes the negative-
sense VRNAs into positive-sense mRNAs that are capped and polyade-
nylated (Fig. 1). During replication a full-length copy of the VRNA,
termed complementary RNA (cRNA), is synthesized and subsequently
serves as a template for the synthesis of progeny viral RNA.

1.1
Transcription

Initiation of mRNA synthesis requires 5'-cap structures that are gen-
erated by cleavage of capped cellular mRNAs (Fig. 2A) (Caton and
Robertson 1980; Beaton and Krug 1981; Krug 1981; Plotch et al. 1981).
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A) Initiation complex

B) Polyadenylation complex

Fig. 2A, B Schematic representation of the initiation and polyadenylation complex-
es. A Initiation of transcription requires 5'-cap structures that are generated by
cleavage of capped cellular mRNAs. Cap binding is performed by PB2, followed by
capped RNA cleavage by PB1. Cap binding and cleavage activities are dependent on
the interaction of the polymerase complex with VRNA. Association of VRNA with
PB1 is shown in a corkscrew conformation. B Transcription proceeds until the poly-
merase complex reaches the polyadenylation signal, which is formed by a stretch of
uridine residues located 15-22 nucleotides from the 3’ end of the VRNA. Polyadeny-
lation of viral mRNA occurs by reiterative copying of the uridine sequence (Poon et
al. 1999, 2000)

Biochemical data indicated that the PB2 subunit recognizes and binds to
the cap structure of cellular mRNAs (Ulmanen et al. 1981; Blaas et al.
1982; Nakagawa et al. 1995; Honda et al. 1999; Li et al. 2001). Subse-
quently, the endonuclease activity, which has been located in the PB1
subunit (Li et al. 2001), cleaves mRNAs 9-17 nucleotides from their 5
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ends, preferentially after a purine residue (Beaton and Krug 1981; Krug
1981; Plotch et al. 1981). The polymerase complex acquires cap binding
and endonuclease activities in the presence of an influenza viral RNA
(Fig. 2A) (Hagen et al. 1994; Cianci et al. 1995; Brownlee et al. 1995; Li et
al. 1998). Initially it was thought that the 5’ end of vVRNA was sufficient
to stimulate capped mRNA binding by the polymerase complex, whereas
both the 5" and 3’ ends of vRNA were required for significant endonucle-
ase activity (Cianci et al. 1995; Li et al. 1998). However, recent work (Rao
et al. 2003) suggests that when a capped RNA substrate contains a CA
cleavage site, the 5’ terminal sequence of vRNA alone is sufficient for en-
donuclease activation. The viral polymerase often utilizes capped CA-
containing RNA fragments as primers for viral mRNA synthesis in in-
fected cells (Beaton and Krug 1981; Shaw and Lamb 1984). Although an
earlier model suggested that the polymerase first binds to the 5’ end of
vRNA and only then does binding to the 3’ end occur (Lamb and Krug
2001), this model has been recently challenged by Lee et al. (2003), who
reported that a polymerase bound simultaneously to a preannealed du-
plex of the 5’ and 3’ ends had greatly increased levels of primer binding
and endonuclease activities compared with a sequentially assembled
complex.

Short model 5’ terminal cRNAs also stimulated cap binding but did
not efficiently activate the viral endonuclease (Cianci et al. 1995; Honda
et al. 2001). However, somewhat surprisingly, endonuclease cleavage of a
capped CA-containing RNA substrate could be efficiently activated by a
5" cRNA alone, although the activation of the CA-specific endonuclease
by 5" cRNA did not lead to capped RNA-primed transcription of cRNA
because 3’ cRNA does not apparently function as a template for such
synthesis (Rao et al. 2003).

Transcription is initiated by the addition of a “G” residue onto the 3’
end of the capped primer, directed by the penultimate “C” of vRNAs
(Beaton and Krug 1981; Kawakami et al. 1983). Initiation with a “’C,” di-
rected by the “G” in the third position of vRNA, has also been reported
(Fodor et al. 1995). This addition is catalyzed by the PB1 protein, which
contains nucleotide binding sites (Romanos and Hay 1984; Asano et al.
1995; Asano and Ishihama 1997), as well as four consensus motifs for
nucleic acid polymerases (Argos 1988; Poch et al. 1989; Biswas and
Nayak 1994; Ishihama and Barbier 1994). Alteration of the conserved
SDD sequence in motif C (amino acid position 443-446) rendered the
polymerase complex nonfunctional (Biswas and Nayak 1994), demon-
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strating that these amino acids are crucial for the biological activity of
the polymerase complex. Transcription proceeds to a uridine stretch
(Us_7), located 15-22 nucleotides before the 5’ end of the vRNA (Li and
Palese 1994). Stuttering at the uridine stretch or its reiterative copying
results in the addition of polyA tails to nascent mRNA transcripts
(Fig. 2B; see below for details).

1.2
Replication

Replication is primer-independent and, initially, results in the synthesis
of full-length cRNA copies of the viral genomic RNA. Early studies sug-
gested that replication requires de novo protein synthesis, and it was
proposed that there must be a switch from mRNA to cRNA synthesis.
The mechanism(s) that triggers the switch from primer-dependent
mRNA synthesis to primer-independent cRNA synthesis is not under-
stood. The production of full-length cRNA molecules is reported to re-
quire soluble NP protein (Honda et al. 1988; Shapiro and Krug 1988).
However, short replicative intermediates can be synthesized in vitro in
the absence of NP (Honda et al. 1988; Lee et al. 2002), whereas the addi-
tion of NP results in the generation of full-length RNA molecules (Honda
et al. 1988). Further indication for a role of NP in replication came from
studies with a temperature-sensitive (ts) NP mutant (Shapiro and Krug
1988), in which cRNA, but not mRNA, synthesis in vitro was decreased
at the nonpermissive temperature. One possible scenario is that NP
binds to the nascent RNA transcript, thus preventing the uridine stretch
near the 5 end of the vRNA from slipping backwards; consequently, reit-
erative copying (hence polyadenylation) would be blocked in the pres-
ence of NP. Alternatively, NP might play a purely structural role, by
binding to cRNA, together with the viral polymerase complex, and thus
preventing the degradation of newly synthesized cRNA molecules by cel-
lular nucleases. Indeed, specific interactions between NP and the PB1
and PB2 subunits of the viral polymerase have been demonstrated (Bis-
was et al. 1998; Medcalf et al. 1999; Mena et al. 1999).

During the second step of replication, full-length antigenomic cRNA
serves as a template for progeny VRNA synthesis. VRNA synthesis, like
cRNA synthesis, is primer-independent, requires NP protein, and results
in the generation of full-length viral transcripts (reviewed in Lamb and
Krug 2001).
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2
The RNA Polymerase Complex

Both transcription and replication are catalyzed by the viral RNA-depen-
dent RNA polymerase complex, which is composed of three subunits,
PB1, PB2, and PA proteins. The exact nature of the polymerase complex-
es involved in the synthesis of the three different RNA species, namely,
mRNA, cRNA, and vRNA, is not known. A recent report showed that re-
combinant dimeric complexes of PB1-PB2 and PB1-PA have distinct
transcriptase and replicase activities, respectively (Honda et al. 2002).
However, other reports concluded that for efficient RNA synthesis all
three subunits are required and they suggested that a trimeric complex
consisting of one of each of the three subunits is involved in all three
RNA synthetic reactions (Brownlee and Sharps 2002; Fodor et al. 2002;
Martin-Benito et al. 2001; Perales and Ortin 1997). The distinct activities
of the polymerase complex, e.g., endonuclease cleavage of capped RNA
primers, transcription, polyadenylation, or replication, could be modu-
lated by its interaction with VRNA, cRNA, or host factors.

2.1
The PB1 Protein

The PB1 subunit of the RNA polymerase complex plays a central role in
the catalytic activities of the viral polymerase. It contains the conserved
motifs characteristic of RNA-dependent RNA polymerase (Argos 1988;
Biswas and Nayak 1994). It binds specifically to the terminal sequences
of VRNA and cRNA and, dependent on its interaction with RNA, per-
forms capped RNA endonuclease activities (Cianci et al. 1995; Gonzdlez
and Ortin 1999a, b; Li et al. 1998, 2001; Rao et al. 2003). Li et al. (2001)
identified three acidic amino acids (E508, E519, D522), essential for en-
donuclease cleavage, that could form an active site similar to that of oth-
er enzymes that cleave polynucleotides to produce 3’-OH ends.

2.2
The PB2 Protein

The PB2 subunit plays a crucial role in mRNA synthesis by being re-
sponsible for recognition and binding of host mRNAs. The cap-binding
domain was localized to amino acids 533-564 in a cross-linking study
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(Li et al. 2001), but an earlier study proposed that, in addition, the re-
gion 242-252 of PB2 was also involved (Honda et al. 1999). More recent-
ly, Fechter et al. (2003) proposed that two aromatic amino acids, F363
and F404, form an “aromatic sandwich” that is involved in cap binding
analogous to the evolutionarily unrelated cap-binding proteins VP39,
elF4E, and CBP20. PB2 also seems to play an important role in replica-
tion, because single amino acid mutations in the N-terminal region of
PB2 specifically affected replication but not transcription (Gastaminza
et al. 2003).

2.3
The PA Protein

Although the PA subunit is essential for the biological activity of the
polymerase complex, its function in influenza virus transcription, repli-
cation, and polyadenylation is less well established than either PB1 or
PB2. Expression of PA reduces the half-lives of coexpressed proteins,
suggesting that it has proteolytic activity or the ability to induce proteo-
lytic activity of a cellular protein (Sanz-Ezquerro et al. 1995, 1996). Stud-
ies by Perales et al. (2000) suggested a correlation between this function
and the biological activity of the polymerase complex, although Naffakh
et al. (2001) contradicted this conclusion. Hara et al. (2001) found prote-
olytic activity in purified PA and identified serine at position 624 as the
active site of a serine protease. However, because Sanz-Ezquerro et al.
(1996) mapped the PA proteolytic activity to the N-terminal third of the
protein, the proteolytic activities observed by the two groups must differ
from one other. In addition, the serine protease activity of PA, identified
by Hara et al. (2001) is not critical for polymerase activity or viral
growth in cell culture (Fodor et al. 2002). Thus, the biological signifi-
cance of the proteolytic activity associated with PA for influenza viral
replication remains obscure.

New information on the role of the PA subunit in transcription and
replication has emerged from a detailed mutagenic analysis of the C-ter-
minal half of the molecule. A histidine at position 510 that is conserved
in influenza A, B, C, and Thogotovirus, has been implicated in endonu-
clease cleavage of capped RNA primers (Fodor et al. 2002). Mutation of
another conserved amino acid, arginine at position 638, led to the for-
mation of defective RNAs, implying that PA could act as an elongation
factor during RNA synthesis (Fodor et al. 2003).
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The recent reports of the direct roles of PB2 in replication and of PA
in transcription (Gastaminza et al. 2003; Fodor et al. 2002, 2003), in ad-
dition to their previously recognized roles in transcription and replica-
tion, support the idea that the RNA polymerase complex is a trimeric
complex with residues from all three subunits contributing to specific
functions. Indeed, a low-resolution three-dimensional structural model
of a recombinant influenza virus RNP particle generated by electron mi-
croscopy indicates a rather compact structure for the polymerase com-
plex (Martin-Benito et al. 2001).

3
Systems Used to Study the Influenza A Virus Life Cycle

Efforts to study the influenza virus life cycle posed numerous technical
challenges. Systems had to be established to examine viral replication
both in vitro and in vivo, and methods had to be developed to introduce
mutations into viral RNAs as well as NP and polymerase proteins and to
monitor the effects of these mutations on the viral life cycle. The in vitro
reconstitution of functional RNP complexes was achieved with use of
purified NP and polymerase proteins derived from virions (Honda et al.
1987, 1988) or from micrococcal nuclease-treated viral cores (Seong and
Brownlee 1992a; Seong et al. 1992). Parvin et al. (1989) first used syn-
thetic viral RNA templates for RNP reconstruction, thus permitting mu-
tations to be introduced into the viral RNA template.

Huang et al. (1990) devised a helper virus-independent system to
study influenza A virus replication in eukaryotic cells. RNP complexes
were assembled in vitro from purified polymerase complexes and a vi-
rus-like RNA encoding the reporter gene chloramphenicol-acetyltrans-
ferase (CAT). Cells were then transfected with the in vitro-assembled
RNP complexes and infected with recombinant vaccinia virus expressing
the NP and polymerase proteins. CAT expression demonstrated the in
vivo formation of functional RNP complexes that replicated and tran-
scribed the virus-like RNA. Alternatively, the influenza virus proteins
can be provided from SV40 recombinant viruses (de la Luna et al. 1993)
or from cell lines stably expressing the polymerase and NP proteins (Na-
kamura et al. 1991; Kimura et al. 1992). A transcription system based on
the cellular enzyme RNA polymerase I allowed the in vivo synthesis of
influenza virus transcripts (Zobel et al. 1993; Neumann et al. 1994). Sub-
sequently, this approach led to the establishment of a plasmid-based
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minireplicon system for influenza A virus (Pleschka et al. 1996) and,
eventually, to the establishment of plasmid-based rescue systems for
generating fully recombinant influenza A (Fodor et al. 1999; Neumann
et al. 1999), influenza B (Hoffmann et al. 2002, Jackson et al. 2002), and
Thogotovirus (Wagner et al. 2001).

4
The Influenza A Virus RNA Promoter

The 13 5’ terminal and 12 3’ terminal nucleotides of the eight influenza
A virus segments are highly conserved among all strains (Fig. 1). Studies
with short synthetic viral RNAs or mutated vRNAs suggested that the
first 12-14 nucleotides at the 3’ end of the vRNAs (Parvin et al. 1989;
Yamanaka et al. 1991; Seong and Brownlee 1992a, b; Piccone et al. 1993)
and the first 11-13 nucleotides at the 3’ end of the cRNA (Li and Palese
1992; Seong and Brownlee 1992a, b) constitute the core promoter ele-
ments. Early in vitro experiments suggested that the 3’ end of the vVRNA
is sufficient to transcribe short synthetic templates (Parvin et al. 1989).
However, subsequent biochemical studies revealed that the polymerase
complex interacts with both the 3’ and 5’ ends of vRNAs (Fodor et al.
1993, 1994; Tiley et al. 1994; Klumpp et al. 1997). Mutational analysis of
the promoter elements additionally demonstrated that the influenza A
virus VRNA and cRNA promoters encompass both the 5 and 3’ ends
of the VRNA or cRNA, respectively (Fodor et al. 1994; Neumann and
Hobom 1995; Pritlove et al. 1995; Flick et al. 1996).

The significance of nucleotides at the 5’ and 3’ ends of the vRNA and
cRNA for influenza virus replication and transcription has been ad-
dressed in vitro (Li and Palese 1992; Piccone et al. 1993; Fodor et al.
1994, 1995; Pritlove et al. 1995) and in vivo (Li and Palese 1992; Piccone
et al. 1993; Neumann et al. 1994; Neumann and Hobom 1995; Flick et al.
1996; Kim et al. 1997). In general, the effects of mutations as judged by
in vivo expression of a reporter gene are more pronounced than in the
in vitro transcription of a model template (Li and Palese 1992; Piccone
et al. 1993). This is because only a single step (e.g., the synthesis of
cRNA from vRNA) is monitored in in vitro experiments, whereas multi-
ple steps including replication, transcription, polyadenylation, and
translation are involved in the expression of a reporter gene construct in
the in vivo systems. Thus, discrepancies between in vitro and in vivo
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studies likely reflect the fact that nucleotides within the promoter region
contribute to more than one function.

4.1
The vRNA Promoter

Sequence alignment of the conserved vRNA termini suggested a partially
double-stranded structure consisting of two discrete base-paired regions
(Fig. 3A). Region I encompasses nucleotides 1-9 at the 3’ and 5" ends
of the vRNA, whereas region II is composed of nucleotides 10-15 and
11-16 at the 3’ and 5 ends of the VRNA, respectively (Fodor et al. 1995;
Flick et al. 1996). These regions are likely connected by a flexible joint
formed by the unpaired adenosine residue at position 10 in the 5" end of
the VRNA (Neumann and Hobom 1995; Flick et al. 1996). Experimental
evidence from electron microscopic studies and nuclease S1 protection
assays supported the existence of an interaction between the 5 and 3’
VRNA termini and led to the proposal of the so-called “panhandle mod-
el” (Hsu et al. 1987). The panhandle model (Fig. 3A) predicted a partial-
ly double-stranded structure encompassing the influenza virus core pro-
moter. The results of structural studies performed with naked RNA or
RNA bound to NP, using chemical or enzymatic probing or nuclear mag-
netic resonance (NMR), are consistent with the existence of a panhandle
structure (Bae et al. 2001; Baudin et al. 1994; Cheong et al. 1996; Klumpp
et al. 1997).

Mutagenic analyses of the VRNA termini resulted in the proposal of
alternative models to the panhandle structure. Mutations that disrupted
base pairing in region II abolished promoter activity, which could be re-
stored by introducing complementary mutations that reestablished base
pairing (Fodor et al. 1994; Neumann and Hobom 1995; Flick et al. 1996;
Kim et al. 1997). Because base pairing between the 5’ and 3’ vRNA termi-

—»

Fig. 3A-C Influenza A virus promoter models. A Panhandle model, which proposes
a partially double-stranded structure for the 5’ and 3’ terminal sequences of vRNA.
B Corkscrew model for the vRNA promoter, predicting base pairing within the 5
and 3’ ends of the viral RNAs. C Corkscrew model for the cRNA promoter. The Wat-
son-Crick base pairs (indicated by lines) and wobble base pairs (indicated by dots)
in the RNA structure are shown. Numbering of nucleotides starts from the 5’ end in
the 5'-terminal sequence and from the 3’ end in the 3'-terminal sequence
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ni was critical in region II but not region I, Fodor et al. (1994, 1995) sug-
gested the “RNA-fork model,” which predicts a double-stranded forma-
tion for the former region and a single-stranded conformation for the
latter. However, the “corkscrew model” (Fig. 3B) predicted base pairing
within the 5" and 3’ ends of the viral RNAs (Flick et al. 1996). According-
ly, base pairs at positions 2 and 9 and at positions 3 and 8 form a hairpin
loop with positions 4 to 7 forming the single-stranded loops. The cork-
screw model is supported by several recent findings. Nucleotide replace-
ments that would allow base pairing in a panhandle conformation, but
destroy base pairing between the short predicted stems (formed by nu-
cleotides at positions 2 and 9 and positions 3 and 8), abolished promoter
activity (Flick and Hobom 1999). Moreover, the short stem at the 5’ end
of the vRNA is critical for the synthesis of polyadenylated mRNA
(Pritlove et al. 1999), whereas the short loops formed by nucleotides at
positions 4-7 at both ends of the vRNA are crucial for the endonuclease
activity of the polymerase complex (Leahy et al. 2001a, b). Furthermore,
mutations that interfered with the corkscrew structure destabilized poly-
merase-vRNA promoter binding, consistent with the idea that the cork-
screw structure was needed for efficient polymerase binding (Brownlee
and Sharps 2002). However, for the cleavage of CA-containing capped
RNA primers the stem-loop structure in the vRNA 3’ end does not ap-
pear to be critical (Rao et al. 2003).

4.2
The cRNA Promoter

The 5’ and 3’ termini of cRNA have the potential to form a panhandle-
like structure similar, but not identical, to the vVRNA panhandle. Pritlove
et al. (1995) proposed that initiation of RNA synthesis from a 3’ cRNA
template requires the presence of a cRNA 5 end, and binding sites for
both termini have been located in PB1 that are reported to be different
from those involved in vRNA binding (Gonzélez and Ortin 1999b). It has
been reported that the cRNA promoter also functions in a “corkscrew”
configuration, in a similar way to the vRNA promoter (Fig. 3C) (Azzeh
et al. 2001).

The cRNA promoter contains an unpaired U residue at position 10 at
the 3’ end (Fig. 3C), whereas the VRNA promoter is characterized by an
unpaired A residue at position 10 of its 5" end (Fig. 3B). These unpaired
residues could affect the overall conformation of the influenza virus pro-
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moters and lead to the selective nuclear export of vRNA promoter-con-
taining RNAs (Shapiro et al. 1987; Tchatalbachev et al. 2001).

5
Influenza A Virus Polyadenylation

mRNA transcription proceeds until the polymerase complex encounters
a stretch of uridine residues adjacent to the promoter element at the 5’
end of the vRNA (Fig. 2B). Polyadenylation requires an uninterrupted
stretch of five to seven uridine residues adjacent to the base-paired re-
gion II (see Fig. 3A) of the influenza virus promoter (16 nucleotides are
the optimal distance between the 5’ end of the vRNA and the uridine
stretch) (Luo et al. 1991; Li and Palese 1994; Poon et al. 1999; Zheng et
al. 1999). The current model, originally proposed by Fodor et al. (1994)
and Hagen et al. (1994), predicts stable binding of the polymerase com-
plex to the 5" end of the VRNA throughout mRNA synthesis, with the
vRNA threaded through the polymerase complex (Fig. 2B). In this sce-
nario, the polymerase complex bound to the promoter region would
function as a physical barrier that causes reiterative copying at the
neighboring uridine stretch. Evidence for this model has come from the
introduction of mutations in the vRNA promoter region that weaken the
interaction of the polymerase complex with the VRNA, hence affecting
the efficiency of polyadenylation (Fodor et al. 1998; Poon et al. 1998;
Pritlove et al. 1998). Studies performed both in vitro and in vivo con-
firmed that the uridine stretch near the 5’ end of vRNA acts directly as a
template for poly(A) addition; replacement of the U sequence with an A
sequence resulted in the synthesis of poly(U)-containing RNA tran-
scripts (Poon et al. 1999, 2000).

6
Noncoding Regions

The noncoding regions that lie between the conserved promoter ele-
ments and the start or stop codon are of variable length and nucleotide
composition, and their function is still unknown. Deletions, insertions,
or mutations in these regions demonstrated that they are not absolutely
required for viral replication or transcription (Garcia-Sastre et al. 1994;
Barclay and Palese 1995; Bergmann and Muster 1995, 1996; Zheng et al.
1996) but may affect these processes, possibly by interacting with the
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NP protein and/or the polymerase complex. Furthermore, a sequence
motif in the noncoding region of segment 7 stimulated the expression of
the encoded protein, whereas transcription levels remained unaffected
(Enami et al. 1994). This finding suggests that the noncoding regions
contain signals that affect mRNA stability, or the initiation of transla-
tion, or both.

7
Influenza B and C Virus Promoters

The overall structures of influenza A, B, and C virus promoters are high-
ly conserved, although some differences exist. For example, among influ-
enza A viruses, 12 and 13 nucleotides are conserved at the 3’ and 5’ ends
of the VRNAs (with the exception of residue 4 of the 3’ end of VRNA, see
Fig. 1), respectively, whereas among influenza B viruses, 9 and 10 nucle-
otides are identical. Limited sequence data indicate that 11 nucleotides
are conserved among the influenza C virus segments. The double-
stranded promoter region II encompasses 4 or 5 base pairs in influenza
C viruses, 4-8 base pairs in influenza A viruses, but 8-10 base pairs in
influenza B viruses. The uridine stretch that functions as the polyadeny-
lation signal varies from 5 to 7 or 5 to 6 uridine residues in influenza A
or B viruses, respectively, but is restricted to 4 or 5 residues in influenza
C virus. Like their influenza A virus counterparts, the influenza B and C
virus promoters can be divided into two regions: Within region II, base
pair formation is crucial (Lee and Seong 1996, 1998), whereas in region
I, the nature of the nucleotide is critical (Lee and Seong 1998).
Minireplicon systems established for influenza B (Jambrina et al.
1997; Stevens and Barclay 1998; Crescenzo-Chaigne et al. 1999) and C
(Crescenzo-Chaigne et al. 1999) viruses have proven that the three poly-
merase and NP proteins are necessary and sufficient for the replication
of virus-like templates. Plasmid-based minireplicon systems and helper
virus-dependent replication systems demonstrated that the influenza A,
B, or C viral polymerase complexes transcribed heterologous templates,
although with different efficiencies (Muster et al. 1991; Crescenzo-
Chaigne et al. 1999). Mutational analysis of influenza A and C virus pro-
moters revealed that nucleotides at position 5 and 6 at the 3’ and 5’ ends
of the VRNA, respectively, contribute to subtype specificity (Crescenzo-
Chaigne and van der Werf 2001). Additionally, the data demonstrated
the importance of the base pair formed between nucleotides at positions
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3 and 8 at the 5’ end of the VRNA, suggesting a “corkscrew” conforma-
tion for the influenza C virus promoter.

8
Thogotovirus Replication

Thogotovirus is a tick-transmitted member of the family Orthomyxoviri-
dae. RNP complexes can be reconstituted in vitro (Leahy et al. 1997a, ¢;
Gomez-Puertas et al. 2000) or in vivo (Weber et al. 1998; Wagner et al.
2000, 2001), thus allowing researchers to study replication and tran-
scription of this virus. As with influenza viruses, the NP and polymerase
proteins are necessary and sufficient for the amplification of a virus-like
RNA (Weber et al. 1998). The initiation of mRNA synthesis relies on host
cell-derived cap structures; however, only the cap structures, but no ad-
ditional nucleotides, are cleaved from host cell mRNAs (Albo et al. 1996;
Weber et al. 1996; Leahy et al. 1997a). The promoter consists of the ter-
minal 14-15 nucleotides at the 3’ and 5 ends of the vRNAs, both of
which are required for promoter activity (Leahy et al. 1997a, c). In vitro
assays demonstrated that a model VRNA promoter, but not its cRNA
counterpart, stimulated the endonuclease activity of the polymerase
complex (Leahy et al. 1998a). This might be due to the fact that the
Thogotovirus vRNA and cRNA promoters adopt different conformation.
The vRNA promoter is characterized by a stem-loop structure at its 5’
end (similar to that found in influenza A viruses) (Leahy et al. 1997b;
Weber et al. 1997). A similar structure has not been identified at the 5’
end of the cRNA promoter (Leahy et al. 1997b, 1998b; Weber et al. 1997).
Interestingly, introduction of a stem-loop structure into the 5’ end of the
cRNA promoter stimulated the endonuclease activity of the polymerase
complex (Leahy et al. 1998b), indicating that this structural feature is
critical for the activation of endonuclease activity.

9
Concluding Remarks

Over the last decade, efficient in vitro and in vivo systems have been es-
tablished to study the replication of influenza A and B viruses, as well as
Thogotovirus, leading to elucidation of the viral promoters and identifi-
cation of polyadenylation signals. Despite these advances, much remains
unknown, including a detailed understanding of the roles of PB1, PB2,
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and PA in replication and transcription, the switch between transcrip-
tion and replication, the mechanism of vVRNA packaging (random versus
selective), and the significance of the noncoding regions in virus ampli-
fication. It is probable that structural analysis of the influenza polymer-
ase complex will ultimately be required to elucidate the subtleties of how
the synthesis of mRNA, cRNA, and VRNA are regulated in the infected
cell and how vRNA is differentially packaged into virions.
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Abstract Negative-strand RNA virus particles are formed by a process
that includes the assembly of viral components at the plasma mem-
branes of infected cells and the subsequent release of particles by bud-
ding. Here, we review recent progress that has been made in understand-
ing the mechanisms of negative-strand RNA virus assembly and bud-
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ding. Important topics for discussion include the key role played by the
viral matrix proteins in assembly of viruses and viruslike particles, as
well as roles played by additional viral components such as the viral gly-
coproteins. Various interactions that contribute to virus assembly are
discussed, including interactions between matrix proteins and mem-
branes, interactions between matrix proteins and glycoproteins, interac-
tions between matrix proteins and nucleocapsids, and interactions that
lead to matrix protein self-assembly. Selection of specific sites on plasma
membranes to be used for virus assembly and budding is described, in-
cluding the asymmetric budding of some viruses in polarized epithelial
cells and assembly of viral components in lipid raft microdomains. Evi-
dence for the involvement of cellular proteins in the late stages of rhab-
dovirus and filovirus budding is discussed as well as the possible in-
volvement of similar host factors in the late stages of budding of other
negative-strand RNA viruses.

1
Introduction

Virus particles are vehicles designed to transfer genetic information
from one cell to another. Once formed and released from infected cells,
they protect viral genomes during transit and mediate entry of genomes
into new target cells. Strategies for enclosing and protecting viral gen-
omes vary widely. Some viruses employ icosahedral protein shells as ge-
nome containers and consequently have defined, uniform structures.
Negative-strand RNA viruses lack icosahedral protein shells and typical-
ly are heterogeneous in size and shape. The RNA genomes of these
viruses are associated with subunits of the viral nucleocapsid protein,
which polymerizes to form helical complexes called nucleocapsids or ri-
bonucleoproteins (RNPs). In the cases of the rhabdoviruses and
paramyxoviruses the RNA is protected from RNAse digestion by the nu-
cleocapsid protein, whereas for influenza virus the RNA is exposed such
that it can be digested with RNAse. The nucleocapsid subunits are re-
quired for transcription and replication of the RNA genome. The RNPs
are packaged into lipid envelopes derived from host cells, which are
coated with viral matrix protein on the inner surface and enriched with
viral spike glycoproteins. Thus the virus particle can be thought of as a
lipid vesicle reinforced with matrix protein and having glycoprotein
spikes and a cargo of encapsidated viral genome associated with a viral
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polymerase complex. In many cases, the RNPs of negative-strand RNA
viruses are packaged into roughly spherical particles. An example is
shown in Fig. 1a, in which a purified paramyxovirus particle has been
visualized by electron microscopy. The rhabdoviruses vesicular stomati-
tis virus (VSV) and rabies virus give rise to bullet-shaped virus particles
that are considerably more uniform than the pleiomorphic particles
formed by the majority of other negative-strand RNA viruses (Fig. 1b).
Negative-strand RNA viruses, like other enveloped viruses, are formed
by a budding process. Buds emerge from sites on the plasma membrane
where viral components have assembled and then pinch off, resulting in
the release of particles (Fig. 1c-e). A number of steps appear to be in-
volved in the formation of infectious virus particles, including the trans-
port of viral glycoproteins through the secretory pathway of the cell to
reach the cell surface, the transport of soluble viral components such as
assembled RNPs and matrix proteins to the plasma membrane of the
cell, coordination between the glycoproteins and the soluble components
in selection of a budding site, and interactions between viral compo-
nents and the host machinery that allow bud formation and membrane
fission. Here, we review progress that has been made toward under-
standing the mechanism of assembly and budding of negative-strand
RNA viruses. Important questions for discussion include the following:

1. All viral structural components must be packaged together to gener-
ate a standard infectious particle, but which of these structural com-
ponents actively contribute to the budding process? What is the mini-
mum set of proteins required for budding to occur? Do glycoproteins
play an important role in virus budding, and if so, in cases where
viruses encode multiple glycoproteins, do the different glycoproteins
have distinct roles?

2. Viral glycoproteins and soluble components must coalesce at discrete
sites on the plasma membrane for budding, despite the fact that they
arrived at the plasma membrane by separate mechanisms. How does
coordination between these components occur in selection of a bud-
ding site? If matrix proteins act as bridges between glycoproteins and
RNPs, what is the nature of these interactions? What happens if these
interactions are disrupted?

3. In some cases, budding sites on the plasma membrane are chosen
very specifically, for example, budding might occur preferentially
from either the apical or the basolateral surface of polarized cells or
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Fig. 1a-e Electron micrographs of purified virions and virions that are budding
from cells. a Purified SV5 particle negatively stained with phosphotungstic acid.
Spikes consisting of the glycoproteins HN and F can be observed at the periphery of
the particle. b Purified VSV particles negatively stained with phosphotungstic acid.
The particles have a characteristic bullet shape and are surrounded by a layer of
spikes consisting of the glycoprotein G. ¢ Thin section of an influenza virus-infected
MDCK cell. Pleiomorphic influenza virions can be seen budding from the cell. Col-
loidal gold staining of HA is shown. d, e Thin section of SV5-infected CV-1 cells,
with colloidal gold staining of HN. (Electron micrographs for panels a, ¢, d, and e
courtesy of George Leser, Northwestern University. Electron micrograph for panel b
courtesy of Michael Whitt, University of Tennessee-Memphis)
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occur from specific membrane microdomains. How are these specific
budding sites selected? Do the viral glycoproteins specify the budding
site and recruit soluble components to the proper location on the
plasma membrane, or is it the soluble components that recruit the
glycoproteins?

4. The final stage of virus budding requires a membrane fission step
that allows virus particles to be released. Do negative-strand RNA
viruses recruit host machinery to assist in this process, as has been
described recently for retroviruses? If so, are these interactions medi-
ated by the same “L domain” sequences found in many retroviral Gag
proteins, or do negative-strand RNA viruses have a distinct strategy
for recruiting the host machinery involved in budding?

2
Critical Role for Viral Matrix Proteins in Virus Budding

For a long time it has been thought that the matrix proteins of negative-
strand RNA viruses have important roles in virus assembly and budding.
Matrix proteins are positioned in virions beneath the lipid envelope, so
that they have the potential to contact both RNP cores and envelope gly-
coprotein cytoplasmic tails and are therefore likely to be the key orga-
nizers of virus assembly that induce separate viral components to con-
centrate together at defined budding sites on the plasma membranes of
infected cells. The atomic structures of matrix proteins derived from
three different viruses (influenza A virus, Ebola virus, and VSV) have
been obtained by X-ray crystallographic methods, and each protein has
a completely different three-dimensional structure that bears little re-
semblance to the other two (Dessen et al. 2000; Gaudier et al. 2002; Sha
and Luo 1997). Despite this lack of structural similarity between differ-
ent matrix proteins, all viral matrix proteins appear to be functionally
similar and to have common biochemical properties that are consistent
with their presumed role in organizing virus assembly. Matrix proteins
bind to viral RNPs in vitro and are found stably attached to RNPs when
purified from virions, they bind to lipid membranes both in vitro and in
living cells, and they self-assemble into ordered structures as purified
proteins in vitro and in virus-infected cells. These observations are all
suggestive of a model in which matrix proteins assemble as layers be-
neath the plasma membranes of infected cells and induce other viral
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components to gather at these locations, from which virus budding can
then occur. Confirmation that matrix proteins are in fact important for
proper budding of virus has been obtained through experiments with
temperature-sensitive viruses that have defective M genes, through di-
rect manipulation of M genes in recombinant viruses by reverse genet-
ics, and through reconstitution of budding directed by matrix proteins
in transfected cells.

2.1
Studies Using Temperature-Sensitive Mutants

A role for matrix proteins in virus budding was defined initially through
use of temperature-sensitive (ts) mutants. A variety of VSV mutants have
been characterized that contain ts mutations in their M genes, and these
viruses were found to be defective in assembly and budding of particles
at the restrictive temperature (Knipe et al. 1977). In many cases, not only
were particles released inefficiently, but the particles that were released
were “empty” particles that lacked the normal complement of nucleo-
capsid protein and RNA and had a spherical or pleiomorphic morpholo-
gy instead of the bullet-shaped morphology characteristic of wild-type
(wt) VSV virions (Lyles et al. 1996; Schnitzer et al. 1979). Normal parti-
cle morphology could be restored by expressing the wt M protein in
trans (Lyles et al. 1996). Some of the mutant M proteins appear to be
misfolded at the restrictive temperature and form aggregates that are
incapable of associating with viral nucleocapsids (Flood et al. 2000;
McCreedy and Lyles 1989; Ono et al. 1987). Today, many of these older
observations made with ts mutants can be explained more completely
with information gained from the recently obtained crystal structure of
the wt M protein, which predicts that these mutations would lower M
protein stability (Gaudier et al. 2002).

A ts mutant of Sendai virus, Cl.151, has been isolated that is defective
in a function required for virus assembly at the nonpermissive tempera-
ture because of mutations in its M gene (Kondo et al. 1993; Yoshida et al.
1979). The mutant M protein is unstable and fails to accumulate to nor-
mal levels at the nonpermissive temperature, suggesting that lack of M
protein is preventing assembly of virus particles. Particle production
was restored when this virus was used to infect cell lines that stably pro-
duce wt M protein. Furthermore, massive overexpression of the mutant
M protein was also able to complement the virus (Kondo et al. 1993),
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suggesting that the budding defect was due to insufficient accumulation
of M protein and not to a defect in the function of the mutant M protein.
Thus Sendai virus budding seems to require a threshold level of M pro-
tein accumulation to proceed.

2.2
Studies Using Reverse Genetics

Subsequent studies to confirm the importance of viral matrix proteins
in assembly and budding have relied on the use of reverse genetics tech-
niques, which allow the generation of negative-strand RNA viruses en-
tirely from plasmid DNA. A rabies virus mutant has been generated that
lacks the entire M gene (Mebatsion et al. 1999). In the absence of the M
gene and protein, the yield of infectious virus released into the media
was reduced as much as 5x10°-fold and the release of physical particles
into the media was also severely impaired. The few particles that were
released had rod-shaped or spherical morphologies instead of the nor-
mal bullet-shaped morphology. Thus there were severe defects in virus
assembly and budding in the absence of rabies virus M protein.

A similar strategy was used to assess the importance of matrix pro-
teins in the budding of paramyxoviruses. The M proteins of measles vi-
rus and Sendai virus had previously been implicated in budding based
on analysis of viruses derived from persistent viral infections. Cells per-
sistently infected with Sendai virus were found to express an unstable M
protein, and lack of stable M protein correlated with a reduction in virus
particle formation (Roux and Waldvogel 1982). A role for the measles vi-
rus M protein in budding was suggested based on analysis of viruses iso-
lated from patients with subacute sclerosing panencephalitis (SSPE), a
rare and lethal disease of the human central nervous system caused by
persistent measles virus infection. SSPE viruses are defective for the pro-
duction of progeny virus particles, yet they spread throughout the brains
of affected patients by virus-induced cell-to-cell fusion, without signifi-
cant formation of virions. Nucleotide sequence analysis has revealed ex-
tensive defects in the M genes of SSPE measles virus strains (Cattaneo et
al. 1988; Wong et al. 1991). Thus a correlation has been established be-
tween mutations in the M gene, defective virion production, and lethal
measles virus persistence. To test for the existence of a causal relation-
ship, recombinant measles viruses with defective M genes were generat-
ed. In one case, measles virus completely lacking the M gene was res-



152 A. P. Schmitt and R. A. Lamb

cued (Cathomen et al. 1998a), and in another case, measles virus con-
taining an M gene derived from an SSPE measles virus strain was res-
cued (Patterson et al. 2001). Both of these viruses were shown to be
severely defective in budding from the surfaces of infected cells. Further-
more, assembly of viral glycoproteins into concentrated patches at the
surfaces of infected cells was defective in the M-deleted virus. Interest-
ingly, this virus was observed to spread mainly by cell-to-cell fusion,
which occurred more efficiently and extensively in cells infected with
M-deleted virus than in cells infected with standard measles virus
(Cathomen et al. 1998a). In mouse model systems, the M-deleted virus
was found to spread more deeply into the brain than the standard virus
and the SSPE M virus caused a chronic, progressive disease of the cen-
tral nervous system (Cathomen et al. 1998a; Patterson et al. 2001). These
results strongly implicate M protein function in measles virus assembly
and in measles virus-associated SSPE.

2.3
Generation of Viruslike Particles

The importance of matrix proteins for virus budding has been shown
not only by observing the effects on virus budding when M is removed
or altered but also by reconstituting budding in cells that express M pro-
tein alone. This approach was first used to demonstrate budding of
viruslike particles (VLPs) from insect cells expressing VSV M protein
from a recombinant baculovirus (Li et al. 1993). M protein was released
into the culture medium of the cells in association with lipid vesicles
having irregular shapes and sizes. Subsequent experiments have con-
firmed that VSV M protein induces budding of lipid vesicles from mam-
malian cells when it is expressed from a recombinant vaccinia virus
(Justice et al. 1995), from a recombinant Sendai virus (Sakaguchi et al.
1999), or with eukaryotic expression vectors (Harty et al. 1999; Lyles et
al. 1996). Electron microscopic analysis of these particles reveals that
they are seemingly “empty” and that they are surrounded by a thick
membrane, perhaps consisting of a double layer of membranes (Li et al.
1993; Lyles et al. 1996; Sakaguchi et al. 1999). These characteristics are
very similar to those observed for particles released from VSV ts mu-
tants with altered M proteins that fail to associate with nucleocapsids
(Lyles et al. 1996; Schnitzer et al. 1979), which led to the suggestion that
this type of particle might be produced as a result of residual membrane
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binding activity of M protein in the absence of binding to nucleocapsids
(Lyles et al. 1996).

Budding of VLPs has been observed from cells expressing a wide vari-
ety of viral matrix proteins in addition to VSV M protein. For example,
expression of the Ebola virus matrix protein VP40 alone in cells results
in efficient budding of VLPs (Bavari et al. 2002; Harty et al. 2000;
Jasenosky et al. 2001; Noda et al. 2002; Timmins et al. 2001), and elec-
tron microscopy has shown that these particles are filamentous and re-
semble spikeless virions (Noda et al. 2002). Furthermore, expression of
the influenza A virus matrix protein either from cDNA (Gomez-Puertas
et al. 2000) or from a recombinant baculovirus (Latham and Galarza
2001) results in VLP budding, as does expression of matrix proteins
from the paramyxoviruses human parainfluenza virus type 1 (hPIV1)
(Coronel et al. 1999) and Sendai virus (Takimoto et al. 2001).

In many cases, additional viral components, when coexpressed with
the viral matrix proteins, have been found to be incorporated into the
VLPs. For example, influenza virus glycoproteins can be coexpressed
with influenza virus matrix protein to achieve budding of particles that
contain glycoprotein spikes and thus have a morphology that more
closely resembles that of authentic virions (Gomez-Puertas et al. 2000;
Latham and Galarza 2001). Similar observations have been made for
Sendai virus matrix protein when coexpressed with Sendai virus glyco-
proteins (Takimoto et al. 2001) and for Ebola virus matrix protein when
coexpressed with the Ebola virus glycoprotein (Bavari et al. 2002; Noda
et al. 2002). Additionally, coexpression of hPIV1 matrix protein together
with the hPIV1 nucleocapsid protein led to the formation of vesicles en-
closing nucleocapsid-like structures (Coronel et al. 1999).

In some cases, coexpression of matrix proteins along with additional
viral components can substantially increase the efficiency with which
particles bud. For example, the simian virus 5 (SV5) matrix protein ex-
pressed by itself does not induce efficient budding of particles, but when
this protein is coexpressed with nucleocapsid protein and a viral glyco-
protein, budding of particles becomes very efficient, approaching the
budding efficiency observed in virus-infected cells (Schmitt et al. 2002).
VLP budding that is normally observed on expression of the Sendai vi-
rus matrix protein alone can be made more efficient by coexpressing the
Sendai virus F glycoprotein (Takimoto et al. 2001), and budding normal-
ly induced by Ebola virus VP40 expression can be made more efficient
by coexpressing the Ebola virus glycoprotein GP (Bavari et al. 2002).
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Thus, although matrix proteins of many negative-strand RNA viruses are
capable of directing budding of particles in the absence of other viral
components, in many cases budding is made more efficient on inclusion
of multiple viral proteins.

3
Role for Viral Glycoproteins in Promoting Efficient Virus Budding

3.1
Contributions Made by the Orthomyxovirus Glycoproteins

The orthomyxovirus influenza A virus encodes two spike glycoproteins,
hemagglutinin (HA) and neuraminidase (NA). HA protein allows at-
tachment of virus to sialic acid on the surfaces of target cells and also
mediates membrane fusion during virus entry. NA protein has a recep-
tor-destroying activity that removes sialic acid and prevents newly
formed particles from aggregating at the surfaces of infected cells. Ini-
tial experiments to determine the importance of glycoproteins in influ-
enza virus assembly relied on the use of temperature-sensitive virus
mutants. One ts influenza virus was characterized in which HA protein
fails to be transported to the cell surface at the restrictive temperature
(Pattnaik et al. 1986). Noninfectious virions that lack HA spikes still
formed from cells infected with this mutant virus at an efficiency simi-
lar to that found in wt virus-infected cells, suggesting that HA protein
is not required for assembly and budding of influenza virus particles, at
least in the presence of a normal NA protein. Similarly, influenza virus-
es have been characterized that have a ts mutation in NA protein (Palese
et al. 1974) or have a defective NA gene such that the virus replicates
only on addition of exogenous sialidase (Liu and Air 1993; Liu et al.
1995). Virions lacking NA protein were found to assemble and bud nor-
mally from cells and were similar morphologically to wt virions. How-
ever, once formed, these particles remained attached to the cell surface
and to each other, forming large aggregates. Similar observations have
also been made for budding of influenza virus-like particles from trans-
fected cells. Expression of all the influenza virus structural components
together in cells leads to efficient release of VLPs, and when NA expres-
sion is omitted, particles are still formed but fail to release normally
and instead associate with the cell surface or form large aggregates (Go-
mez-Puertas et al. 2000; Gomez-Puertas et al. 1999; Mena et al. 1996).
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Virion aggregation could be prevented and virus release could be re-
stored by addition of exogenous bacterial sialidase to the culture medi-
um (Liu and Air 1993; Liu et al. 1995; Palese et al. 1974). Thus the influ-
enza virus NA protein does not appear to be required for normal as-
sembly and budding of particles, but its enzymatic activity is required
to prevent reattachment and/or self-attachment of progeny virions,
which inhibits infection of new cells. Together, these results suggested
either that influenza virus glycoproteins are not important for the as-
sembly and budding process or that there is a redundant assembly
function and either HA or NA alone may be sufficient. This possibility
was addressed in subsequent experiments in which reverse genetics was
used to isolate viruses that lack both the HA and NA protein cytoplas-
mic tails. Thus neither protein would be expected to be capable of mak-
ing contacts with soluble viral components such as matrix protein dur-
ing assembly. Influenza virus lacking both HA and NA protein cytoplas-
mic tails was found to be severely defective in assembly, as illustrated in
Fig. 2. Particle production was reduced 10-fold compared with wt virus,
and the particles that were formed had a greatly distorted morphology
(Jin et al. 1997). These distended and irregularly shaped particles also
exhibited 1 to 3 logs lower infectivity than wt virions and were defective
in genome packaging such that they contained a much broader distribu-
tion in the number of packaged RNA segments (Zhang et al. 2000a). In-
terestingly, these severe defects were observed only when both glyco-
protein cytoplasmic tails were deleted. Deletion of only the HA protein
cytoplasmic tail led to virus that assembled similarly to wt virus and
formed particles with the normal spherical morphology (Jin et al.
1994), and deletion of only the NA protein cytoplasmic tail led to de-
fects in virus assembly and particle morphology that were much less se-
vere than those observed in the double-mutant virus (Garcia-Sastre and
Palese 1995; Mitnaul et al. 1996). These results suggest that the cytoplas-
mic domains of influenza virus HA and NA glycoproteins have redun-
dant functions that allow efficient budding of spherically shaped viri-
ons.

3.2
Contributions Made by the Rhabdovirus Glycoproteins

Rhabdoviruses encode only a single spike glycoprotein, G, that functions
for both attachment to target cells and membrane fusion to allow virus
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Fig. 2a, b Morphology of influenza virus with al-
tered glycoprotein cytoplasmic tails. Purified viri-
ons were negatively stained with phosphotungstic
acid and examined by electron microscopy.
HA/NA, wt virus and HA t7/NA t~, virus lacking
both of the glycoprotein cytoplasmic tails.

Bar, 80 nm. (Electron micrographs courtesy

of George Leser, Northwestern University)

entry. G protein contains a C-terminal cytoplasmic tail that has the po-
tential to contact other viral components during virus assembly. Re-
markably, G proteins of both VSV and rabies virus, when expressed by
themselves, have been found to induce the formation of budding vesicles
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from cells, demonstrating that rhabdovirus G proteins have autonomous
exocytosis activities that could potentially be important for the budding
of virus (Mebatsion et al. 1996; Rolls et al. 1994). However, although it
has become clear that G proteins do play a role in efficient budding of
virus, it has also been established that virus budding can occur even in
the absence of G protein. This conclusion was initially made on the basis
of studies of a ts mutant of VSV (#sO45) in which it was found that low
levels of noninfectious spikeless VSV particles could be produced at the
restrictive temperature (Knipe et al. 1977; Schnitzer et al. 1979). Howev-
er, it was later found that these released particles, although devoid of
intact G protein, contained G protein membrane-spanning fragments
that included the C-terminal cytoplasmic domain (Metsikko and Simons
1986), and so it could not be ruled out that the observed particle
budding might have depended on this residual G “stump.” This situation
was clarified later through use of reverse genetics that allowed rescue
of recombinant rabies virus and VSV that completely lack G genes
(Mebatsion et al. 1996; Schnell et al. 1997). Budding of characteristic bul-
let-shaped rhabdovirus particles could still occur in cells infected with
these viruses, formally showing that interactions between G protein and
soluble viral components are not required for rhabdovirus budding and
do not specify virion morphology. However, although budding of these
recombinant viruses could be detected, it occurred with an efficiency
that was reduced at least 30-fold compared with wt virus, suggesting that
rhabdoviruses in fact require the G protein to make budding efficient.
Initial efforts to localize regions within the G protein responsible for di-
recting efficient rhabdovirus budding focused on the cytoplasmic tail,
and it was found that deletion of the G protein cytoplasmic tail in re-
combinant rhabdoviruses led to poor budding (Mebatsion et al. 1996;
Schnell et al. 1997), in agreement with a model in which specific contacts
between the G protein cytoplasmic tail and the condensed M-RNP core
drive budding. Indeed, biochemical evidence for glycoprotein-matrix
protein interactions has been obtained (Lyles et al. 1992; see Sect. 4.2).
However, subsequent experiments with VSV showed that the G protein
cytoplasmic tail could be replaced with an unrelated sequence derived
from human CD4 with very little effect on virus budding and that, fur-
thermore, a revertant to the cytoplasmic tail-deleted virus could be se-
lected and this revertant encoded a new 8-amino acid-long cytoplasmic
tail having a sequence unrelated to the normal G protein cytoplasmic tail
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but capable of promoting normal VSV budding (Schnell et al. 1998).
Thus, although efficient budding of VSV requires a G protein cytoplas-
mic tail, the specific amino acid sequence of the cytoplasmic tail is
seemingly unimportant, contrary to what would be expected if efficient
VSV budding were driven by specific interactions between the G protein
cytoplasmic tail and soluble cores. It should be noted that these observa-
tions do not completely rule out the possibility of specific interactions
between M protein and the G protein cytoplasmic tail and that “fitness”
assays to rigorously compare replication efficiencies between wt VSV
and VSV variants with altered G protein cytoplasmic tails have not yet
been reported. Recent studies have identified an additional domain in
the membrane-proximal stem region of the G protein ectodomain that is
important for efficient budding of VSV (Robison and Whitt 2000). How
this domain functions to promote budding is not yet understood. One
possibility is that it facilitates concentration of G protein and curvature
of the plasma membrane at the site of budding so that the inherent exo-
cytosis activity of G protein can work in concert with budding activities
directed by the matrix and nucleocapsid proteins to enable efficient par-
ticle release.

3.3
Contributions Made by the Paramyxovirus Glycoproteins

Paramyxoviruses encode two glycoproteins, the fusion protein F and an
attachment protein, HN, H, or G. Early studies using a temperature-sen-
sitive mutant of Sendai virus (¢s271) demonstrated that the Sendai virus
HN protein is dispensable for budding of virus particles. This mutant
HN protein is synthesized efficiently in infected cells but is degraded
during transport to the cell surface at the restrictive temperature, yet
virions lacking HN are still released (Markwell et al. 1985; Portner et al.
1974, 1975; Stricker and Roux 1991; Tuffereau et al. 1985). The conclu-
sion that HN is dispensable for Sendai virus budding was further con-
firmed with VLP budding systems. In one system, VLP budding was ob-
served on coexpression of the Sendai virus proteins N, P, M, F, HN, and
L along with a minigenome and budding was found to be unaffected on
omission of HN protein expression (Leyrer et al. 1998). In a second sys-
tem, VLP budding was observed on expression of M protein alone and
the efficiency of budding was found to be stimulated on coexpression of
F protein, but coexpression of HN protein had no effect on budding ef-
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ficiency (Takimoto et al. 2001). These results suggested that of the two
Sendai virus glycoproteins, perhaps only the F protein is important for
efficient budding of virus. Consistent with this view, F protein was
found to have an intrinsic exocytosis activity as it induced the release
of particles bearing F spikes when expressed alone, whereas HN protein
was not observed to have this ability (Takimoto et al. 2001). Recombi-
nant Sendai viruses with altered glycoprotein cytoplasmic tails have
been generated in an attempt to define more precisely the domains im-
portant for efficient budding. On truncation of the F protein cytoplas-
mic tail, budding of recombinant virus was poor, and a specific amino
acid sequence spanning amino acids 538 to 550 of the F protein cyto-
plasmic tail was found to be important for efficient virus budding
(Fouillot-Coriou and Roux 2000). Consistent with this finding, release
of particles on expression of F protein alone was found to depend on
the amino acid sequence TYTLE comprising amino acids 542 to 546 of
the F protein cytoplasmic tail (Takimoto 2001). This TYTLE sequence is
also present in the hPIV1 F protein cytoplasmic tail, which otherwise
bears little sequence resemblance to the Sendai virus F protein cyto-
plasmic tail. Truncation of the HN protein cytoplasmic tail in a recom-
binant Sendai virus also was found to result in poor budding (Fouillot-
Coriou and Roux 2000), which was surprising in light of previous data
showing that the entire HN protein is dispensable for virus budding.
However, other recombinant viruses were also characterized harboring
altered HN proteins and these viruses budded normally even when the
mutant HN proteins failed to be incorporated efficiently into virions.
Thus it appears that the absence of HN protein is not necessarily detri-
mental for Sendai virus production and release, unlike severe trunca-
tion of its cytoplasmic tail, perhaps because the cytoplasmic tail-deleted
HN protein is inhibitory for budding (Fouillot-Coriou and Roux 2000).
Similar studies have been carried out with another paramyxovirus,
SV5, to define further the roles of the viral glycoproteins in paramyxo-
virus budding. Here recombinant viruses were made that harbored HN
proteins with truncated cytoplasmic tails, and budding was found to be
inefficient on HN protein cytoplasmic tail deletion (Schmitt et al. 1999).
Furthermore, these viruses were found to be defective in assembly of
different viral components together at the plasma membranes of infect-
ed cells as judged by confocal microscopy. The same approach was used
to define the role of the SV5 F protein cytoplasmic tail in virus budding,
and it was found that recombinant viruses with deleted F protein cyto-
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plasmic tails replicated in tissue culture and were released from infected
cells with efficiency similar to that of wt virus (Waning et al. 2002). This
result was surprising in light of work with Sendai virus suggesting that
F protein is in fact quite important for proper paramyxovirus budding.
To investigate further the relative roles of the HN and F glycoproteins
for paramyxovirus budding, a VLP system was developed for SV5
(Schmitt et al. 2002). Here efficient budding of VLPs from transfected
cells was observed only on coexpression of multiple SV5 proteins. Thus
expression of M protein alone did not lead to substantial particle bud-
ding, and neither of the SV5 glycoproteins was found to have an auton-
omous exocytosis activity. However, coexpression of M protein with NP
protein and either the HN or F glycoprotein led to budding of VLPs
with an efficiency comparable to that found in virus-infected cells. Bud-
ding decreased more than 25-fold when neither of the SV5 glycopro-
teins were included, and the HN and F proteins were found to be com-
pletely interchangeable for VLP budding, with similar and highly effi-
cient budding occurring regardless of whether the glycoprotein being
expressed was HN, F, or both HN and F together. This result suggested
that the two SV5 glycoproteins might have redundant functions for
budding, analogous to the situation in influenza A virus, in which HA
and NA glycoproteins have redundant assembly activities. Consistent
with this idea, recombinant SV5 lacking both HN and F protein cyto-
plasmic tails was found to have a greater defect in particle production
and release than SV5 lacking only the HN protein cytoplasmic tail
(Waning et al. 2002). In VLP experiments, the importance of the glyco-
protein cytoplasmic tails for efficient budding was confirmed: VLPs
containing wt HN or wt F as the only glycoprotein bud efficiently,
whereas those containing only cytoplasmic tail-deleted HN or cytoplas-
mic tail-deleted F protein bud poorly. VLPs containing both wt HN pro-
tein and cytoplasmic tail-deleted F protein bud normally, and this is
presumably due to the activity of the wt HN protein. However, VLPs
containing both wt F protein and cytoplasmic tail-deleted HN protein
bud poorly despite the ability of wt F protein to support efficient bud-
ding in the complete absence of HN protein expression (Schmitt et al.
2002). These data suggest that cytoplasmic tail-deleted HN protein is
inhibitory for budding, and the data explain the debilitated budding
phenotype observed for recombinant virus having a truncated HN cyto-
plasmic tail. This finding is remarkably similar to that reported for Sen-
dai virus, in which severe truncation of the HN protein cytoplasmic tail
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was also proposed to have an inhibitory effect on virus budding (Fouil-
lot-Coriou and Roux 2000). These data for SV5 indicate that both HN
and F glycoproteins have important and redundant assembly functions
and that in both cases this assembly function requires the presence of
the glycoprotein cytoplasmic tail.

Additional insight into the roles played by paramyxovirus glycopro-
teins in virus assembly has been gained through analysis of SSPE mea-
sles virus strains. These budding-defective viruses have been found to
contain drastic sequence alterations not only in their M genes, as dis-
cussed above, but also in their F protein cytoplasmic tail sequences
(Cattaneo et al. 1988; Schmid et al. 1992). The F protein ectodomains,
however, are not extensively altered in these viruses (Schmid et al.
1992), and F proteins derived from these viruses were found to have
normal membrane fusion function (Cattaneo and Rose 1993). These ob-
servations provided support for the hypothesis that establishment of le-
thal measles virus persistence is associated specifically with defects in
virus assembly. Experiments using recombinant measles viruses with
altered glycoprotein cytoplasmic tails have also been used to assess the
importance of these cytoplasmic domains in virus assembly. Trunca-
tions or other alterations to the F protein cytoplasmic tail led to more
rapid and extensive cell-to-cell fusion of virus-infected cells, consistent
with a shift in the mode of virus spread to one that is independent of
budding (Cathomen et al. 1998b; Moll et al. 2002). Truncation of the H
protein cytoplasmic tail led to varied results. In one case truncation of
the 34-residue H protein cytoplasmic tail to 20 residues led to increased
cell-to-cell fusion of virus-infected cells (Cathomen et al. 1998b), where-
as in another case truncation of the H protein cytoplasmic tail to 14
amino acids led to reduced cell-to-cell fusion (Moll et al. 2002). Double-
mutant viruses having alterations in both glycoprotein cytoplasmic tails
were found to cause faster and more extensive cell-to-cell fusion than
single mutant viruses, and this level of fusion was comparable to that
induced by recombinant measles virus lacking the M gene (Cathomen
et al. 1998a,b). In cells infected with either of the single-mutant viruses,
colocalization of the cytoplasmic tail-truncated glycoprotein with ma-
trix protein failed to occur as it does in wt measles virus-infected cells,
although neither single-mutant virus was found to be defective in the
production and release of infectious particles (Moll et al. 2002). The rel-
ative importance of the H and F glycoproteins for measles virus assem-
bly is presently unclear. SSPE measles virus isolates typically contain
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truncations or other significant alterations in the F protein cytoplasmic
tail and not the H protein cytoplasmic tail. However, natural trunca-
tions to the N-terminal H protein cytoplasmic tail would be expected to
typically disrupt the rest of the H protein as well, whereas the C-termi-
nal F protein cytoplasmic tail could easily be disrupted by naturally oc-
curring mutations without affecting the rest of the F protein. Thus it
has been proposed that the reason for the frequency of F cytoplasmic
tail alteration in SSPE viruses is simply the structure of the F and H
genes (Cathomen et al. 1998b).

3.4
Contributions Made by the Filovirus Glycoproteins

Filoviruses encode only a single glycoprotein, GP. Ebola virus GP has
been found to possess an autonomous exocytosis activity similar to that
of rhabdovirus G proteins and the Sendai virus F protein. Particles re-
leased on expression of Ebola virus GP alone are variable in size and
shape and contain GP spikes (Bavari et al. 2002; Noda et al. 2002; Volch-
kov et al. 1998). The Ebola virus matrix protein, VP40, when expressed
alone can also induce particle release, and these particles were observed
to have a filamentous morphology resembling that of spikeless filovirus
particles (Noda et al. 2002). Coexpression of VP40 and GP increases
budding efficiency compared with expression of VP40 alone, and the re-
leased particles are filamentous and contain GP spikes (Bavari et al.
2002; Noda et al. 2002). These findings most closely approximate those
described for rhabdoviruses, in which the viral glycoprotein is not re-
quired for budding of particles with the correct morphology but may
contribute to the efficiency of budding.

4
Interactions Between Viral Components During Assembly

Assembly of negative-strand RNA viruses requires coordinated localiza-
tion of multiple but distinct virus components, including viral glycopro-
teins, which are transported to the plasma membrane by the exocytic
pathway, and soluble viral components, such as the RNP. This coordina-
tion appears to be accomplished through a series of protein-protein and
protein-lipid interactions, many of which involve the viral matrix pro-
tein that could potentially interact with both glycoproteins via their cy-
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toplasmic tails and with the RNPs in the cytoplasm of the infected cell.
Thus many investigations of virus assembly have focused on characteri-
zation of the various interactions involving the viral matrix proteins.

4.1
Interactions Between Matrix Proteins and Membranes

Matrix proteins of negative-strand RNA viruses have intrinsic mem-
brane-binding properties, and when expressed alone in living cells, a
fraction of M protein is found tightly bound to membranes. For example,
about 10% of VSV M protein expressed from cDNA in living cells is asso-
ciated with the plasma membrane (Chong and Rose 1993; Chong and
Rose 1994). Interestingly, although the highly basic M proteins lack hy-
drophobic stretches that would indicate membrane spanning domains
and, in contrast to some retroviral matrix proteins generally do not ap-
pear to be modified by fatty acids [an exception being the rabies virus
matrix protein, in which a fraction of the molecules are palmitoylated
(Gaudin et al. 1991)], the membrane binding of VSV M did not display
characteristics typical of a peripheral membrane protein but rather was
found to be very stable to salt or high-pH treatments (Chong and Rose
1993). These unusual membrane binding properties have been confirmed
for matrix proteins of a variety of other negative-strand RNA viruses in
addition to VSV. For example, membrane binding by the Ebola virus ma-
trix protein VP40 expressed in mammalian cells was not disrupted by salt
treatment, and detergent partitioning experiments suggested a hydropho-
bic component to the membrane interaction (Jasenosky et al. 2001).
Membrane binding of Marburg virus VP40 expressed in cells was also
shown to be resistant to high salt concentrations, as well as high pH and
EDTA treatment (Kolesnikova et al. 2002). Similar observations have been
made for the influenza virus matrix protein (Kretzschmar et al. 1996;
Zhang and Lamb 1996), the Sendai virus matrix protein (Stricker et al.
1994), and the measles virus matrix protein (Riedl et al. 2002).
Membrane binding properties of matrix proteins have also been stud-
ied by reconstitution of interactions between purified matrix proteins
and synthetic liposomes in vitro. In some cases, such as that of the New-
castle disease virus (NDV) matrix protein, liposome binding was found
to occur regardless of the charge of the liposomes and was not prevented
by high salt concentrations, suggesting a nonelectrostatic interaction
(Faaberg and Peeples 1988). Early work with the influenza A virus M1
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protein was similarly interpreted to suggest a nonelectrostatic interac-
tion with liposomes (Bucher et al. 1980; Gregoriades 1980), but it was
based on approaches limited by the technology of the time, and more
recent work has indicated that the M1 protein associates preferentially
with negatively charged liposomes through electrostatic interactions,
which could be prevented (although not completely reversed) by high
salt concentrations (Ruigrok et al. 2000a). Based on the atomic structure
of the N-terminal two-thirds of M1 protein it has been proposed that
membrane binding occurs after a conformational change that exposes a
hydrophobic surface in M1 protein that could be inserted into the inner
leaflet of the lipid bilayer (Sha and Luo 1997). Unfortunately, no evi-
dence has been presented to indicate that a conformational change in
the M1 protein takes place on membrane binding, and membrane bind-
ing may instead be mediated by positively charged residues that are well
oriented to interact with phosphate head groups of the membrane (Arzt
et al. 2001; Sha and Luo 1997).

The Ebola virus matrix protein may rely on multiple types of interac-
tions for membrane binding. This protein was found to associate via its
C-terminal domain only with lipid bilayers containing negatively
charged phospholipids, and the interaction could be reversed by high
salt concentrations, indicating an important electrostatic contribution
to membrane binding (Ruigrok et al. 2000b). However, the crystal struc-
ture of the Ebola virus matrix protein revealed the presence of a large
solvent-exposed hydrophobic surface likely involved in membrane
binding, and so it was proposed that this protein binds membranes
through both hydrophobic and electrostatic interactions (Dessen et al.
2000).

Studies on liposome binding by VSV matrix protein have similarly re-
vealed a complex interaction with lipid that is mediated by multiple dis-
tinct membrane binding sites (Gaudier et al. 2002; Ye et al. 1994). One
membrane binding site was localized to the highly charged N terminus
of the protein, consistent with previous results based on photochemical
cross-linking of virions (Lenard and Vanderoef 1990), and membrane
binding directed by this site could be prevented or reversed by high salt
concentrations (Ye et al. 1994). Membrane binding directed by a second
site located in the central portion of the M protein amino acid sequence
was insensitive to salt (Ye et al. 1994). Based on the crystal structure of
VSV M protein it is thought that lipid binding regions are likely to in-
clude multiple positively charged surfaces, as well as a hydrophobic loop
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(Gaudier et al. 2002). Thus matrix proteins from a variety of different
viruses appear to achieve membrane binding by using a combination of
electrostatic and hydrophobic interactions.

4.2
Interactions Between Matrix Proteins and Glycoproteins

Specific interactions between viral glycoproteins and matrix proteins
have been inferred from experiments showing enhanced binding of ma-
trix protein to membranes in transfected cells on coexpression of viral
glycoproteins. In the case of Sendai virus, either viral glycoprotein (F or
HN) was found to be individually sufficient to promote membrane bind-
ing of the matrix protein (Sanderson et al. 1993, 1994). However, another
group reported membrane binding by the Sendai virus matrix protein in
transfected cells to be efficient even in the absence of glycoproteins, with
no increase in membrane binding on F protein coexpression (Stricker et
al. 1994). Similarly, for influenza A virus one group reported a substan-
tial increase in the membrane binding of matrix protein on coexpression
of either the HA or NA glycoproteins (Enami and Enami 1996; Gomez-
Puertas et al. 2000), but conflicting results were obtained by others who
observed efficient membrane binding of matrix protein to be indepen-
dent of glycoprotein coexpression (Kretzschmar et al. 1996; Zhang and
Lamb 1996). No increase in the membrane binding of VSV M protein
was observed in transfected cells on coexpression of the VSV glycopro-
tein (Chong and Rose 1993).

In recent investigations, this experimental approach has been refined
by measuring the association of matrix protein specifically with glyco-
lipid-enriched “raft” membrane microdomains operationally defined as
lipids resistant to solubilization by the nonionic detergent Triton X-100
(TX-100) at low temperatures. Influenza A virus assembles and buds
from raft membranes (Scheiffele et al. 1999), and the influenza viral gly-
coproteins are sorted intrinsically to raft membranes when expressed in
cells (Kundu et al. 1996; Skibbens et al. 1989). The influenza A virus M1
protein when expressed alone in cells does not bind TX-100-resistant
membranes (Ali et al. 2000). Thus it has been proposed that interactions
between viral glycoproteins and M1 protein could induce M1 protein to
assemble together with the glycoproteins at raft membranes during viral
infection. Consistent with this view, coexpression of either the HA or NA
glycoproteins together with M1 protein in transfected cells resulted in a
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substantial increase in the amount of M1 protein bound to detergent-re-
sistant membranes (Ali et al. 2000). Similar results were obtained with
the Sendai virus matrix protein, which bound to TX-100-resistant mem-
branes only on coexpression of the Sendai virus HN or F glycoproteins
(Ali and Nayak 2000). Additional studies have been carried out with re-
combinant influenza A viruses having deleted glycoprotein cytoplasmic
tails (Zhang et al. 2000b). Both glycoproteins were found to have de-
creased association with raft membranes on removal of the cytoplasmic
tail. Most M1 protein was found associated with raft membranes in wt
virus-infected cells, but in virus lacking both glycoprotein cytoplasmic
tails M1 protein was no longer raft associated (Zhang et al. 2000b), in
agreement with a model in which M1 protein is recruited to raft mem-
branes for virus budding as a result of interactions between M1 protein
and the glycoprotein cytoplasmic tails.

Another approach to characterizing M protein-glycoprotein interac-
tions has been to measure M protein incorporation into virus particles.
In a recombinant measles virus in which both measles virus glycopro-
teins were replaced with VSV G, M protein was not incorporated into
particles, although M protein was expressed efficiently in the infected
cells. When VSV G protein was replaced with a G/F hybrid protein con-
taining the measles virus F protein cytoplasmic tail, incorporation of M
protein into particles was restored (Spielhofer et al. 1998). Thus the mea-
sles virus cytoplasmic tail sequence was able to recruit measles virus
matrix protein to sites of budding, but the VSV G protein was not. Simi-
larly, a recombinant human parainfluenza type 3 virus (hPIV3) with F
and HN glycoproteins derived from human parainfluenza type 2 virus
(hPIV2) could only be recovered from an infectious clone when either
the cytoplasmic domain or both the cytoplasmic and transmembrane
domains of the hPIV2 glycoproteins were replaced with those of hPIV3
(Tao et al. 2000).

4.3
Self-Association of Matrix Proteins

Matrix proteins have been found to self-associate into ordered assem-
blies both as purified proteins in vitro and in virus-infected cells. For ex-
ample, in Sendai virus-infected cells, patches likely composed of M pro-
tein have been observed by electron microscopy that are ordered into
crystalline arrays at the inner surface of the plasma membrane (Bachi
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1980; Buechi and Bachi 1982) and M protein purified from Sendai
virions has been found to assemble in vitro into tubes and sheets consis-
tent morphologically with the structures observed in infected cells
(Heggeness et al. 1982). In vitro aggregation of VSV M protein under
conditions of low salt concentration has also been observed (Gaudin et
al. 1995, 1997; McCreedy et al. 1990), and electron microscopy has
shown these aggregates to be made up of fine filaments (Gaudin et al.
1995). In some cases, VSV M protein aggregation could be reversed on
increasing the salt concentration (Gaudin et al. 1995). In addition to low
salt, M protein polymerization could also be induced by the presence of
ZnCl, even at physiological salt concentrations (Gaudin et al. 1997), sug-
gesting that aggregation is not simply the result of protein misfolding.

Ebola virus VP40 can be induced to multimerize into defined ringlike
structures in vitro under certain conditions. VP40 is a two-domain pro-
tein, and on trypsin cleavage that separates the two domains the N-ter-
minal domain forms oligomers (Dessen et al. 2000; Ruigrok et al.
2000b). From analysis of the VP40 crystal structure, it has been suggest-
ed that the two domains of the wt protein interact weakly and that the
membrane-binding C-terminal domain may sterically prevent the for-
mation of multimers through its interaction with the N-terminal domain
(Dessen et al. 2000). Oligomerization of VP40 could also be induced by
mild truncation of its C-terminal end by seven amino acids (a modifica-
tion that, based on the VP40 crystal structure, was predicted to destabi-
lize interactions between the two domains) or by urea treatment of VP40
(Scianimanico et al. 2000). Oligomerization was also induced on binding
of the protein with synthetic liposomes (Scianimanico et al. 2000). In all
of these cases, VP40 oligomerized into ringlike structures that could be
visualized by electron microscopy. In light of these observations, it has
been suggested that a conformational switch in VP40 may be induced by
lipid binding that leads to domain separation, oligomerization, and for-
mation of ringlike structures that could be intermediate structures in vi-
rus assembly (Scianimanico et al. 2000).

44
Interactions Between Matrix Proteins and Nucleocapsids

Interactions between matrix proteins and viral nucleocapsids are well
established and are presumed to be critical for efficient incorporation of
genomes into budding virions. Interactions between paramyxovirus nu-
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cleocapsids and matrix proteins were demonstrated with a variety of
biochemical methods, such as chemical cross-linking (Markwell and Fox
1980; Nagai et al. 1978; Yoshida et al. 1976). Nucleocapsids isolated from
influenza A virions are found associated with M1 protein (Murti et al.
1992). Virion-derived M1 protein can be removed from influenza virus
nucleocapsids by treatment with high salt concentrations, and the result-
ing M1-depleted nucleocapsids can then be reconstituted with purified
recombinant M1 protein at physiological salt concentrations (Baudin et
al. 2001; Watanabe et al. 1996; Ye et al. 1999). With this reassociation as-
say, nucleocapsid binding activity was mapped to the C-terminal domain
of the M1 protein (Baudin et al. 2001), suggesting that the M1 protein, in
the form of 6-nm-long rods in virions as visualized by electron micros-
copy (Ruigrok et al. 2000a), is oriented with its N terminus touching the
membrane and its C terminus interacting with nucleocapsids. One ca-
veat should be added with respect to the interpretation of M-RNP reas-
sociation assays, however, because it is difficult to be certain that M1 de-
pletion of nucleocapsids was complete and that a portion of M1 reasso-
ciation with RNPs was not due to self-association with residually bound
M1 protein. Interestingly, M-RNP interactions were found to be pH de-
pendent, because M1 protein could be removed from virion-derived nu-
cleocapsids not only by high salt concentrations but also by low-pH
treatment (Zhirnov 1992) and reassociation of M1 protein with nucleo-
capsids was efficient at neutral pH but binding was essentially abolished
at low pH (Ye et al. 1999). During viral entry, influenza virions that have
been internalized by endocytosis are acidified as protons are transport-
ed from the endosomal lumen to the interior of the virion via the M2 ion
channel, and if ion channel activity is blocked by the antiviral drug
amantadine, viral replication is inhibited because of a block in viral un-
coating (Hay 1992; Lamb et al. 1994; Martin and Helenius 1991; Takeda
et al. 2002). These observations underscore the importance of having
control mechanisms to shift the equilibrium of interactions that drive vi-
rus assembly versus disassembly. Viruses must be assembled in such a
way that they can be disassembled later on during subsequent infections,
and in the case of influenza virus this reversibility is at least in part ac-
complished through the pH dependence of RNP-M interactions.
Interactions between the VSV matrix protein and nucleocapsids in in-
fected cells have been documented by electron microscopy (Odenwald et
al. 1986) and by observing colocalization by using immunofluorescence
microscopy (McCreedy and Lyles 1989). VSV nucleocapsids are also
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found associated with M protein when isolated from virions. Virions
treated with detergent at physiological salt concentrations yield nucleo-
capsids with M protein still bound, and these nucleocapsids have a con-
densed and tightly coiled morphology similar to that of nucleocapsids in
intact virions (Barge et al. 1993; Newcomb and Brown 1981). Incubation
of these complexes with high salt concentrations leads to irreversible
dissociation of M protein and a change in the morphology of the nucleo-
capsids to an extended and flexible structure (Barge et al. 1993; Lyles
and McKenzie 1998; Newcomb and Brown 1981). Thus VSV M protein
has a role in maintaining the VSV nucleocapsid in the compact form
found in virions. Colocalization between nucleocapsids and M protein
can only be detected at the plasma membranes of infected cells, imply-
ing that assembly of M protein with nucleocapsids does not occur in the
cytoplasm (McCreedy and Lyles 1989). When cytosolic and membrane-
derived M proteins were each tested for their abilities to assemble with
virion-derived nucleocapsid-M complexes in vitro by an M protein ex-
change assay, both forms of M protein were found to assemble efficiently
with nucleocapsids, indicating that lack of association between these
components in the cytoplasm was not due to differences between cyto-
plasmic and membrane-bound forms of M protein (Flood and Lyles
1999). Instead, lack of association appears to be due to differences in the
nucleocapsids, because neither form of M protein was able to bind to
isolated intracellular nucleocapsids. Furthermore, the intracellular nu-
cleocapsids exhibited an extended morphology similar to that observed
for virion-derived nucleocapsids after salt treatment. These results sug-
gest that M-RNP assembly occurs only after an initiating event that con-
verts intracellular nucleocapsids into a form that is capable of assem-
bling with M protein at the plasma membrane (Flood and Lyles 1999).

5
Selection of a Budding Site

5.1
Signals for Sorting Viral Glycoproteins into Virions

During assembly of negative-strand RNA viruses, viral proteins must be
specifically selected and concentrated at budding sites at the plasma
membrane of the infected cell, allowing release of virions that are dense-
ly packed with viral components. Efforts to study the mechanism by
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which viral proteins are selected to coalesce at virus assembly sites have
been facilitated greatly by the recently available ability to recover nega-
tive-strand RNA viruses from cloned DNA by using reverse genetics. For
example, a recombinant rabies virus lacking the gene for the glycopro-
tein G was generated (Mebatsion et al. 1996), which, in addition to allow-
ing direct study of the role of G protein, also facilitated the generation of
pseudotyped rabies viruses that could be made on expression of various
foreign glycoproteins in trans (Mebatsion and Conzelmann 1996). By
this approach, requirements for efficient packaging of the foreign glyco-
proteins into budding rabies virus particles were defined. When the
HIV-1 Env protein was expressed in trans, pseudotyped particles failed
to be released. However, when a chimeric HIV-1 Env protein was ex-
pressed that contained the rabies virus G protein cytoplasmic tail in
place of the normal HIV-1 Env protein cytoplasmic tail, efficient release
of pseudotyped particles containing the chimeric Env protein was re-
stored (Mebatsion and Conzelmann 1996). Efficient incorporation of the
chimeric protein was a result of the specific G protein cytoplasmic tail
sequence and not the cytoplasmic tail length, because truncation of the
150-amino acid Env protein cytoplasmic tail to the same length as the G
protein cytoplasmic tail (44 amino acids) failed to result in incorpora-
tion of the truncated protein into particles (Mebatsion and Conzelmann
1996). In similar experiments, the G protein cytoplasmic tail was found
to be necessary to direct efficient incorporation of the cellular proteins
CD4 and CXCR4 into pseudotyped particles (Mebatsion et al. 1997), in-
dicating that the G protein cytoplasmic tail contains a positive signal
sufficient to direct foreign glycoproteins into budding particles. Further
evidence for the existence of an incorporation signal in the G protein cy-
toplasmic tail was obtained by generating a recombinant rabies virus in
which the gene encoding the wt G protein was replaced with a gene en-
coding a mutant G protein lacking its cytoplasmic tail (Mebatsion et al.
1996). This resulted in poor budding of rabies virus particles, and the
particles that were released contained significantly less G protein relative
to the other viral proteins, indicating that the cytoplasmic tail of G pro-
tein is necessary to ensure efficient incorporation of G protein into the
virion envelope (Mebatsion et al. 1996). These results are consistent with
a model for rabies virus budding in which interactions between the G
protein and the soluble matrix protein are important for efficient bud-
ding of particles as well as for specific incorporation of G protein into
particles.
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Requirements for specific packaging of glycoproteins into virus parti-
cles have also been studied extensively for VSV, in which a wide variety
of recombinant viruses have been generated with reverse genetics that
contain one or more extra genes encoding foreign glycoproteins. In con-
trast to results obtained with rabies virus, these studies indicated that
no specific signals are required for incorporation of glycoproteins into
VSV particles. For example, even unmodified cellular membrane protein
CD4 expressed from a VSV recombinant virus was incorporated effi-
ciently into VSV particles, and replacing the transmembrane and cyto-
plasmic domains of CD4 with the corresponding regions of VSV G did
not enhance the incorporation efficiency (Schnell et al. 1996). These re-
sults are in agreement with earlier studies on VSV assembly showing ef-
ficient incorporation of CD4 and chimeric CD4 proteins into VSV parti-
cles when expressed in trans (Schubert et al. 1992). Other unmodified
foreign glycoproteins that have been found to be incorporated efficiently
into VSV particles when expressed from a VSV recombinant virus in-
clude the measles virus H glycoprotein (Schnell et al. 1996), the influen-
za virus glycoproteins HA and NA (Kretzschmar et al. 1997), the Ebola
virus glycoprotein GP (Takada et al. 1997), the cellular membrane pro-
tein CXCR4 (Schnell et al. 1997), the RS virus glycoprotein G (Kahn et
al. 1999, 2001), and the bovine viral diarrhea virus glycoprotein E2
(Grigera et al. 2000). Many of these recombinant viruses that express
foreign antigens were generated so that they could be tested for use as
live vaccines, and many have been shown to elicit protective immunity
in animal model systems. The fact that such a wide variety of different
glycoproteins can be incorporated efficiently into VSV particles argues
that no specific incorporation signal is necessary to direct this process.
It should be noted that one counterexample has also been described that
is in apparent contradiction to these findings. The HIV-1 Env protein
was not detectably incorporated into VSV virions when expressed from
a VSV recombinant or when expressed in trans, but replacing the cyto-
plasmic tail of Env with the cytoplasmic tail of VSV G led to efficient in-
corporation into virions (Johnson et al. 1997; Owens and Rose 1993).
However, subsequent investigation revealed that high-level incorpora-
tion of the chimeric Env protein into VSV particles was not due to a pos-
itive signal supplied by the G protein cytoplasmic tail, but rather was
due to removal of a negative signal from the Env protein cytoplasmic
tail. The negative signal was localized to the membrane-proximal ten
amino acids of the Env protein cytoplasmic tail and caused sequestra-
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tion of Env protein at sites distinct from VSV budding sites (Johnson et
al. 1998). Truncation of the Env protein cytoplasmic tail to remove this
sequence was sufficient to allow high-level incorporation of Env protein
into virions. Poor incorporation of the wt Env protein into virions was
not simply a consequence of the large size of the Env protein cytoplas-
mic tail, because Env proteins with cytoplasmic tails truncated so that
they were smaller than the normal G protein cytoplasmic tail yet con-
taining the negative signal still failed to be incorporated into virions
(Johnson et al. 1998). In addition, an unrelated chimeric VSV G/GFP
protein having a cytoplasmic tail even larger than the Env protein cyto-
plasmic tail has been constructed, and this protein was found to be in-
corporated efficiently into VSV virions (Dalton and Rose 2001). Thus,
even in the case of HIV-1 Env protein, incorporation into the VSV enve-
lope does not appear to depend on a specific positive incorporation sig-
nal.

Additional studies with VSV have been performed in which the viral
G protein itself was altered and effects on incorporation of the altered G
protein into virions were observed. Mutant G proteins were studied in
which the transmembrane domain, the cytoplasmic domain, or both of
these domains were replaced with the corresponding parts of human
CD4, and all of these chimeric G proteins were incorporated efficiently
into virions (Schnell et al. 1998). Furthermore, truncation of the G pro-
tein cytoplasmic tail did not substantially affect the efficiency of this
protein’s incorporation into budding virions except in the case of a very
severe truncation that left a cytoplasmic tail of only one amino acid
(Schnell et al. 1998; Whitt et al. 1989). A revertant to this cytoplasmic
tail-deleted virus was selected and found to encode a new 8-amino acid
cytoplasmic tail unrelated in sequence to the original cytoplasmic tail
but that allowed efficient budding and efficient incorporation of the mu-
tant G protein into virions (Schnell et al. 1998). Together, these experi-
ments provide strong evidence that incorporation of glycoproteins into
VSV virions does not require specific positive signals.

Similar studies to define requirements for glycoprotein incorporation
into virus particles have also been carried out with influenza A virus and
paramyxoviruses. A foreign polypeptide derived from HIV-1 gp41 has
been expressed from a transfectant influenza A virus via a bicistronic
NA segment, and this polypeptide was incorporated into influenza viri-
ons only when its transmembrane domain and cytoplasmic tail were re-
placed with those of the influenza virus HA protein (Garcia-Sastre et al.
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1994), suggesting that specific signals in these domains are required to
direct incorporation. Trans expression of HA proteins containing foreign
cytoplasmic or transmembrane domains in influenza virus-infected cells
results in poor incorporation of the mutant proteins into influenza viri-
ons compared with wt HA (Naim and Roth 1993). However, deletion of
the HA protein cytoplasmic tail did not prevent efficient incorporation
of this protein into virions either when expressed in trans or when ex-
pressed from a recombinant influenza virus, indicating that signals in
the HA protein cytoplasmic tail are not absolutely required for efficient
incorporation of this protein into virions (Jin et al. 1994; Naim and Roth
1993). Although deletion of the NA protein cytoplasmic tail in a recom-
binant virus resulted in poor incorporation of the mutant NA protein
into virions, this reduction may have been due to an overall reduced ex-
pression level of the mutant protein in infected cells (Garcia-Sastre and
Palese 1995; Mitnaul et al. 1996).

For paramyxoviruses, a role for glycoprotein cytoplasmic tails in spe-
cific targeting of glycoproteins into virions has been established. In re-
combinant measles viruses, truncations or other alterations to the cyto-
plasmic tails of the F or H glycoproteins results in poor incorporation of
the mutant proteins into virions (Cathomen et al. 1998b). These virions
also contain increased amounts of nonspecifically incorporated cellular
proteins, indicating that the F and H protein cytoplasmic tails are im-
portant for both specific targeting of these proteins into measles virions
as well as exclusion of host proteins from budding sites (Cathomen et al.
1998b). A similar result has been obtained with the paramyxovirus SV5,
in which truncation of the HN protein cytoplasmic tail in a recombinant
virus led to an increase in nonspecific incorporation of cellular proteins
into virions (Schmitt et al. 1999). Further evidence that incorporation of
paramyxovirus glycoproteins into virions requires specific signals has
been obtained with Sendai virus. A foreign glycoprotein (NDV HN pro-
tein) expressed in trans was not incorporated into Sendai virions, where-
as the Sendai virus HN protein expressed in trans was incorporated effi-
ciently (Takimoto et al. 1998). Analysis of chimeric HN proteins led to
identification of a specific amino acid sequence, SYWST, in the Sendai
virus HN protein cytoplasmic tail that is critical for the incorporation of
transfected HN protein into Sendai virions (Takimoto et al. 1998). These
results have been confirmed with recombinant Sendai viruses, in which
it was shown that absence of the sequence SYWST from the HN protein
cytoplasmic tail results in exclusion of the mutant HN protein from bud-
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ding Sendai virus particles (Fouillot-Coriou and Roux 2000). Thus, at
least for Sendai virus, specific sorting of a glycoprotein into virions can
be mapped to a signal in the glycoprotein cytoplasmic tail.

5.2
Polarized Budding from Epithelial Cells

For infection of host organisms, many viruses initially infect epithelial
body surfaces such as the epithelial cells of the respiratory tract. Epithe-
lial cells are polarized, having distinct apical (externally facing) and ba-
solateral (internally facing) surfaces, and this polarized organization can
have important effects on viral replication. For example, many viruses
select preferentially either the apical or the basolateral plasma mem-
brane as the site for assembly and budding. Orthomyxoviruses and
paramyxoviruses, including influenza A virus, Sendai virus, SV5, and
measles virus have been found to bud preferentially from the apical
membranes of polarized cells (Blau and Compans 1995; Rodriguez-Bou-
lan and Sabatini 1978). VSV and Marburg virus are examples of viruses
that bud almost exclusively from the basolateral cell surface (Rodriguez-
Boulan and Sabatini 1978; Sanger et al. 2001). Polarized budding may
have important consequences for viral pathogenesis, because budding
from the apical surface could favor restriction of the infection to the epi-
thelial cell layer, whereas budding from the basolateral surface allows vi-
ral access to underlying tissue and could favor development of a system-
ic infection. Consistent with this view, Sendai virus and SV5 both pro-
duce localized infections of the respiratory tract in vivo, whereas VSV
and Marburg virus both produce systemic infections in vivo. Further-
more, a mutant Sendai virus has been characterized in which polarized
budding from the apical membrane is lost and virus is instead released
in a nonpolar fashion from both the apical and basolateral cell surfaces,
and this virus causes a systemic infection and is more virulent than wt
Sendai virus (Tashiro et al. 1990). The correlation between pathogenicity
and virus budding from the basolateral cell surface is not absolute, how-
ever, because measles virus is released apically yet produces a systemic
infection in vivo.

For many viruses that exhibit polarized budding in epithelial cells, it
has been found that the viral glycoproteins are targeted intrinsically to
the same membrane from which virus buds. For example, both of the in-
fluenza virus glycoproteins HA (Roth et al. 1983) and NA (Jones et al.
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1985), as well as the nonglycosylated ion channel membrane protein M2
(Hughey et al. 1992), are targeted specifically to the apical cell surface
when expressed in the absence of other viral proteins. Similarly, the VSV
glycoprotein is targeted specifically to the basolateral cell surface when
it is expressed in the absence of other viral proteins (Stephens et al.
1986). Both of the influenza virus glycoproteins contain signals for api-
cal sorting in their transmembrane domains (Barman et al. 2001;
Barman and Nayak 2000; Kundu et al. 1996; Lin et al. 1998), and deletion
of the glycoprotein cytoplasmic tails does not affect apical transport in
the context of a recombinant virus (Zhang et al. 2000b). The basolateral
sorting signal in the VSV G protein has been identified as a short tyro-
sine-containing sequence in the G protein cytoplasmic tail (Thomas and
Roth 1994).

The observation that many viral glycoproteins when expressed alone
are targeted to the same membrane in polarized cells from which virus
budding occurs suggests a model in which the site of budding is selected
on the basis of glycoprotein localization in the cell. However, a number
of recent observations have been made that do not fit this model. For in-
stance, some viral glycoproteins have been found to sort intrinsically to
the membrane opposite from the one that is used for virus budding.
Marburg virus glycoprotein expressed in a stably transfected MDCKII
cell line was shown to be transported almost exclusively to the apical cell
surface, despite the fact that release of infectious Marburg virus could
only be detected from the basolateral cell surface (Sanger et al. 2001).
When the distribution of glycoprotein was examined in Marburg virus-
infected cells, a substantial fraction was found to be shifted to the baso-
lateral cell surface where virions assemble, although the majority of gly-
coprotein was still found at the apical surface even in this case (Sanger
et al. 2001). When interpreting these results for Marburg virus, it should
be kept in mind that the natural biological reservoir for this virus has
not yet been identified, and so it is not clear whether glycoprotein sort-
ing in MDCKII cells is reflective of the situation in a biologically optimal
host. Measles virus provides another example in which selection of bud-
ding sites likely is not specified by intrinsic sorting signals in the glyco-
proteins, because this virus buds from the apical cell surface despite the
fact that both the H and F viral glycoproteins are localized predominant-
ly at the basolateral surface of polarized cells when expressed alone
(Maisner et al. 1998). These results suggest that other factors in addition
to the viral glycoproteins can be important for selection of viral assem-
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bly sites in polarized cells. For measles virus, evidence suggests it is the
matrix protein that drives apical release of virus. In cells infected with
standard measles virus, both H and F proteins were found to be predom-
inantly apical, whereas in cells infected with a recombinant measles vi-
rus lacking the M gene, both H and F proteins were sorted to the baso-
lateral membrane (Naim et al. 2000). Thus M protein was able to revert
transport of the F and H proteins to the apical cell surface where virus
assembly takes place. However, not all of the F and H protein is redirect-
ed by M protein, and that which remains targeted to the basolateral cell
surface may have important consequences for cell-to-cell fusion of po-
larized cells and systemic spread of the infection beyond the epithelial
cell layer (Moll et al. 2001).

Even for viruses such as influenza A virus and VSV in which glyco-
proteins sort intrinsically to the same surface from which virus buds,
budding site selection may not be solely a function of glycoprotein local-
ization. Recent experiments with influenza A virus demonstrate that
even when the HA glycoprotein is mutated such that its expression is no
longer apical but instead is distributed in a nonpolarized fashion, bud-
ding of recombinant virus still occurs almost exclusively from the apical
cell membrane (Mora et al. 2002). In VSV-infected cells, although the
VSV G protein is transported mainly to the basolateral cell surface, some
G protein can also be detected at the apical cell surface, but this does
not result in a corresponding amount of budding from that surface
(Rindler et al. 1984). When the basolateral targeting signal in the cyto-
plasmic tail of G protein is mutated so that the protein no longer ex-
hibits polarized expression, release of recombinant virus is still almost
completely from the basolateral surface (Zimmer et al. 2002). Thus fac-
tors other than VSV G must contribute toward determining the site of
virus release, and the VSV matrix protein is a good candidate for per-
forming this role because this protein has been found to associate specif-
ically with the basolateral cell membrane independently of G (Bergmann
and Fusco 1988).

5.3
Budding of Viruses from Membrane Rafts

Negative-strand RNA virus assembly occurs as a result of highly orga-
nized localizations of multiple separate viral components to discrete
sites on the plasma membrane of an infected cell. In some cases, interac-
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tions between viral components and microdomains within the plasma
membrane could play an important role in defining nucleation points
for assembly. It has recently become clear that lipid molecules within the
plasma membrane are not distributed homogenously in each leaflet of
the bilayer but rather participate in lateral associations to form subcom-
partments within the membrane. One type of lipid microdomain is the
membrane raft, which preferentially contains sphingolipids and choles-
terol as well as certain integral membrane proteins (Brown and London
2000; Simons and Ikonen 1997). Membrane rafts can be separated bio-
chemically from other membrane components based on their resistance
to solubilization by certain nonionic detergents such as TX-100 at low
temperatures. Some viral proteins have been found to be enriched with-
in membrane rafts of infected cells, suggesting that virus assembly can
occur on rafts. For example, in influenza A virus-infected cells the glyco-
proteins HA and NA as well as the matrix protein are found associated
predominantly with TX-100-insoluble lipids (Skibbens et al. 1989; Zhang
et al. 2000b). Assembly of viral proteins on raft membranes does not ap-
pear to be a universal strategy for negative-strand RNA virus assembly,
however, because in the cases of VSV and rabies virus infections the viral
proteins are found excluded from raft membranes in the infected cells.
Paramyxovirus proteins in many cases have been found to be associated
with raft membranes in infected cells, including the HN and F glycopro-
teins of Sendai virus (Sanderson et al. 1995), the measles virus proteins
H, E M, and N (Manie et al. 2000; Vincent et al. 2000), and the RS virus
glycoproteins F and G (Brown et al. 2002). The Ebola virus glycoprotein
GP and matrix protein VP40 are both found associated mainly with raft
membranes in Ebola virus-infected cells (Bavari et al. 2002). Additional
evidence in support of the notion that membrane rafts can be used as
platforms for virus assembly and budding in some cases has been ob-
tained through biochemical analysis of purified virus particles. HA and
NA proteins from purified influenza virions were found associated with
membrane that had solubility properties characteristic of membrane
rafts, and the lipid composition of influenza virions is consistent with
that of membrane rafts (Scheiffele et al. 1999; Zhang et al. 2000b), sug-
gesting that the virion envelope is composed of raft membrane and that
the virus therefore buds through rafts. Purified Ebola virions were found
to contain the raft marker GM1 ganglioside, suggesting that this virus
might also bud through rafts (Bavari et al. 2002).
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Specific targeting of viral proteins to raft membranes has been ob-
served not only in virus-infected cells but also in transfected cells ex-
pressing these proteins individually. Both of the influenza virus glyco-
proteins are found associated with raft membranes in transfected cells
(Kundu et al. 1996; Skibbens et al. 1989). Signals directing the associa-
tion of these proteins with lipid rafts have been mapped to the trans-
membrane domains, particularly the amino acid residues predicted to
span the outer leaflets of the lipid bilayers (Barman et al. 2001; Barman
and Nayak 2000; Kundu et al. 1996; Lin et al. 1998; Scheiffele et al. 1997).
Although signals for the apical transport of these proteins in polarized
epithelial cells also reside in the transmembrane domains, the two types
of signals were found not to be identical, and it was possible to construct
influenza virus glycoproteins with altered transmembrane domains in
which raft association was disrupted but apical targeting was retained
(Barman et al. 2001; Barman and Nayak 2000; Lin et al. 1998). Glycopro-
tein cytoplasmic tails have also been found to play a role in the targeting
of influenza virus glycoproteins to membrane rafts, because raft associa-
tion (but not apical targeting) was disrupted on removal of the glycopro-
tein cytoplasmic tails both in transfection experiments and in the con-
text of a recombinant influenza virus (Zhang et al. 2000b). Intrinsic raft-
targeting signals have also been characterized for proteins from other
viruses. Both of the Sendai virus glycoproteins are found associated with
raft membranes when expressed alone (Sanderson et al. 1995), and
the Ebola virus glycoprotein expressed by itself is associated with rafts
(Bavari et al. 2002).

Not all viral proteins that assemble at rafts in infected cells possess
autonomous raft-targeting signals. Some viral proteins fail to associate
with raft membranes when expressed alone and are only recruited to raft
membranes when coexpressed with additional viral proteins that are
themselves targeted to rafts, presumably as a result of protein-protein
interactions. The influenza virus matrix protein, for example, is associat-
ed with TX-100-sensitive non-raft membrane when expressed alone but
when coexpressed with either the HA or NA glycoprotein is found
bound to raft membrane that resists TX-100 solubilization (Ali et al.
2000). Similarly, the Sendai virus matrix protein associates with non-raft
membrane when expressed alone but associates with raft membrane
when coexpressed with either the HN or F viral glycoprotein (Ali and
Nayak 2000). The Ebola virus matrix protein VP40 provides an addition-
al example of a viral protein that appears to be recruited to rafts indi-



Escaping from the Cell: Assembly and Budding of Negative-Strand RNA Viruses 179

rectly by interacting with other viral components, because VP40 is not
detected in raft membranes when expressed alone but is mainly detected
in raft membranes in Ebola virus-infected cells (Bavari et al. 2002). Fur-
thermore, coexpression of VP40 with glycoprotein GP results in efficient
budding of VLPs into the culture media that contain the raft marker
GM1, suggesting that the VLPs may be released through rafts (Bavari et
al. 2002). A somewhat different situation exists for measles virus, in
which a fraction of the matrix protein is found associated with raft
membranes even when expressed alone (Vincent et al. 2000). The mea-
sles virus F glycoprotein is also associated with rafts when expressed
alone, but not the H glycoprotein or the nucleocapsid protein N
(Vincent et al. 2000). All four viral proteins are associated with raft
membranes in measles virus-infected cells (Manie et al. 2000; Vincent et
al. 2000). When coexpressed with F protein, the H protein is recruited to
rafts. However, neither the M protein nor the N protein exhibited in-
creased raft association on F protein coexpression (Vincent et al. 2000).
In a chimeric measles virus in which the glycoproteins F and H were re-
placed with the non-raft-associated VSV G protein, the M and N proteins
could still attach to rafts, but not VSV G (Manie et al. 2000). These re-
sults are consistent with a model for measles virus assembly in which
the glycoproteins are targeted to rafts via a signal in the F protein,
whereas the soluble M-RNP complexes are targeted independently to
rafts via a signal in the M protein (Vincent et al. 2000).

Budding from membrane rafts may provide a mechanism for control-
ling which viral proteins are incorporated efficiently into virions. Vast
differences sometimes exist in the incorporation levels of different viral
proteins into virions. For example, the influenza virus M2 membrane
protein is significantly underrepresented in virions (5-15 tetramers per
virion) compared with the influenza virus HA protein (approximately
500 trimers per virion) despite abundant expression of M2 protein in in-
fected cells (Zebedee and Lamb 1988). M2 protein fails to associate with
raft membranes both in transfected cells expressing M2 protein alone
and in influenza virus-infected cells (Zhang and Lamb 1996; Zhang et al.
2000b). In a recombinant influenza virus in which raft targeting of the
HA and NA proteins was disrupted, preferential selection of these pro-
teins over M2 protein for incorporation into virions was reduced sub-
stantially, suggesting that raft targeting may provide a mechanism for
the selective inclusion or exclusion of viral proteins into budding virions
(Zhang et al. 2000b).



180 A. P. Schmitt and R. A. Lamb

6
Contributions of Host Factors in Virus Budding

Recent evidence suggests that a wide variety of enveloped viruses de-
pend on recruitment of cellular machinery to assist in the late stages of
budding. Domains within viral proteins that mediate this recruitment
have been termed L domains because in the absence of these domains
virus budding is blocked at a late step such that fully assembled virus
particles fail to be released by membrane fission and instead accumulate
as tethered particles at the cell surface. L domains were first character-
ized in retroviral Gag proteins, and functionally equivalent domains
have now been identified in matrix proteins of some negative-strand
RNA viruses as well. Multiple types of L domains having distinct amino
acid sequences have been characterized. One type contains the consen-
sus amino acid sequence P(T/S)AP and was first identified in the p6 re-
gion of the human immunodeficiency virus type 1 (HIV-1) Gag polypro-
tein (Gottlinger et al. 1991; Huang et al. 1995), and another type contain-
ing the consensus sequence PPxY was identified in the p2b region of the
Rous sarcoma virus (RSV) Gag polyprotein (Wills et al. 1994; Xiang et
al. 1996). These two types of L domains were shown to be functionally
interchangeable. Poor budding caused by disruption of the RSV PPxY-
type L domain could be restored by appending the HIV-1 p6-derived
PTAP-containing sequence to the defective RSV Gag protein (Parent et
al. 1995; Xiang et al. 1996), and poor budding caused by removal of the
p6 region from a modified HIV-1 Gag protein could be restored by re-
placing p6 with the RSV p2b PPxY-containing sequence (Accola et al.
2000).

The matrix proteins of VSV and Ebola virus both contain L domain
consensus sequences in their N-terminal regions. For VSV, distinct PPPY
and PSAP sequences are present, and this N-terminal domain could
functionally replace the L domain of the RSV Gag protein for Gag parti-
cle budding (Craven et al. 1999). Mutation of the PPPY motif in the VSV
M protein inhibited the budding of VSV VLPs induced by expression of
M protein alone (Harty et al. 1999) and caused a late budding defect of a
recombinant VSV virus, as shown in Fig. 3 (Jayakar et al. 2000). These
results suggest that at least some events in the budding process are con-
served among a variety of enveloped viruses that include retroviruses
and rhabdoviruses. The Ebola virus matrix protein contains a sequence
PTAPPEY having overlapping L domain motifs near its N terminus. The
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Fig. 3a—c Late budding defects in retroviruses and rhabdoviruses visualized by elec-
tron microscopy. a Thin section of an RSV-infected cell. b Thin section of an RSV-
infected cell after treatment with the proteasome inhibitor MG-132. A late budding
defect is observed in which virus particles fail to release from the infected cell. ¢ Col-
orized scanning electron micrograph of a BHK-21 cell infected with recombinant
VSV in which the PPPY late budding domain has been changed to PPPA, resulting in
failure of the virus particles to release from the infected cell. (Electron micrographs
for panels a and b courtesy of John Wills, The Pennsylvania State University. Elec-
tron micrograph for panel ¢ courtesy of Gopal Murti, St. Jude Children’s Research
Hospital, Himangi Jayakar, University of Tennessee-Memphis, and Michael Whitt,
University of Tennessee-Memphis)

relative contributions of the PTAP and PPxY components of this se-
quence in virus budding are presently unclear. In one study, the overlap-
ping L domain sequences from Ebola virus were found to be capable of
replacing the L domain from HIV-1 Gag and mutating the Ebola virus-
derived sequence so that it had an intact PPxY sequence but a disrupted
PTAP sequence resulted in poor budding, suggesting that, in this con-
text, the PTAP component is very important (Martin-Serrano et al.
2001). However, it was not determined whether disruption of the PPxY
sequence would also affect budding. In another study, VLP budding di-
rected by expression of Ebola virus matrix protein by itself in cells was
found to be reduced for a mutant protein in which the PPxY motif (but
not the PTAP motif) was altered, indicating that the PPxY component is
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in fact important for efficient budding (Harty et al. 2000), but no mu-
tants having disrupted PTAP sequences were investigated. Thus further
study is needed to determine the relative importance of these two com-
ponents for Ebola virus budding.

L domains appear to function by interacting with cellular proteins
that are recruited to assist in virus budding. The cellular protein Tsg101
has been identified in multiple independent yeast two-hybrid binding
assays as a factor that interacts with the PTAP-type L domain derived
from HIV-1 Gag (Garrus et al. 2001; Martin-Serrano et al. 2001; VerPlank
et al. 2001). Efficient Tsgl01 binding was lost when the PTAP sequence
was altered. L domain binding was found to be mediated by an N-termi-
nal UEV (ubiquitin E2 variant) domain in the Tsgl01 protein that con-
tains a PTAP binding groove (Garrus et al. 2001; Martin-Serrano et al.
2001; Pornillos et al. 2002; VerPlank et al. 2001).

The PPxY-type L domain from RSV Gag has been shown to interact
with cellular Nedd4-related E3 ubiquitin protein ligases in biochemical
assays (Kikonyogo et al. 2001), and the matrix proteins of VSV and Ebola
virus have been shown to interact with modular WW protein-protein in-
teraction domains from the cellular proteins Nedd4 and YAP, as well as
with the yeast Nedd4 homolog Rsp5 in in vitro binding assays (Harty et
al. 1999, 2000, 2001). Interactions between viral matrix proteins and cel-
lular WW domains were detected only when the matrix protein con-
tained an intact PPxY motif.

The observations that PPxY-type L domains interact with E3 ubiqui-
tin ligases and PTAP-type L domains interact with an E2-like domain of
Tsgl01 have suggested a possible role for ubiquitin in L domain function
and virus budding. Additional evidence in support of this idea has also
been obtained. For example, treatment of cells with proteasome in-
hibitors that deplete cellular levels of free ubiquitin blocks budding of
HIV-1 (Schubert et al. 2000), RSV (Patnaik et al. 2000), and rhabdovirus-
es (Harty et al. 2001). Budding was shown to be blocked at a late stage
on proteasome inhibitor treatment such that fully assembled particles
accumulated at the cell surface (as shown in Fig. 3), consistent with
the phenotype observed on L domain disruption (Patnaik et al. 2000;
Schubert et al. 2000; Steinberg 2001). Moreover, genetic fusion of ubiqui-
tin to the C-terminus of RSV Gag rendered the modified Gag partially
resistant to the effect of proteasome inhibitor treatment, suggesting that
direct attachment of ubiquitin to Gag is important for budding (Patnaik
et al. 2000). In support of this notion, evidence has been obtained that
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viral proteins can be direct targets for ubiquitination. A minimal RSV
Gag protein was shown to induce budding of VLPs that contain not only
(unmodified) Gag but also Gag-ubiquitin conjugates (Strack et al. 2000).
The same mutations to the L domain that caused poor VLP budding also
prevented Gag ubiquitination. Ebola virus and rhabdovirus matrix pro-
teins were shown to be substrates for ubiquitination by yeast Rsp5 in in
vitro ubiquitination assays (Harty et al. 2000, 2001}, and ubiquitination
failed to occur in matrix proteins that lack the PPxY L domain sequence.
Thus a connection has been made between ubiquitination and L domain
function, and viral proteins that participate in budding may themselves
be ubiquitination targets. However, it is not yet clear whether ubiquitin
is important for virus budding because the ubiquitination of viral pro-
teins is in fact critical to the budding process or whether the ubiquitina-
tion of viral proteins is incidental for budding and it is the ubiquitina-
tion of other cellular factors that is essential for normal virus budding.
One model for the late steps of enveloped virus budding that could
potentially explain ubiquitin involvement proposes that the machinery
that normally is used in formation of multivesicular bodies (MVBs) in
the cell, and that is known to rely on ubiquitination reactions for normal
function, is recruited via L domains for viral budding (Garrus et al.
2001; Patnaik et al. 2000). Budding of cellular vesicles into MVBs could
be viewed as a process analogous to budding of virus particles from cells
because in both cases cytoplasmic cargo is packed into a vesicle that
buds outward from the cytoplasm (the opposite of what occurs in endo-
cytotic budding). Cellular cargo proteins have been found to be subject
to ubiquitination during MVB formation, and when these proteins are
modified to remove the ubiquitination sites, proper sorting of the pro-
teins into MVBs fails to occur (Hicke 2001). Moreover, in yeast, cargo
protein recognition and sorting into MVBs is carried out in part by the
ESCRT-1 complex that contains the Tsg101 homolog Vps23p as a critical
component (Katzmann et al. 2001). This cellular pathway appears to be
involved not just in the budding of viruses that bind directly to Tsg101
via PTAP-type L domains but more generally in the budding of en-
veloped viruses containing different types of L domains. Disruption of
the MVB formation pathway in cells by expression of a dominant-nega-
tive Vps4 protein not only inhibits HIV-1 budding but also inhibits bud-
ding of murine leukemia virus, which relies on a PPxY-type L domain
for budding (Garrus et al. 2001). In both cases, virus budding was
blocked at a late step in which fully assembled particles failed to be re-
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leased from the cell membrane. Thus different viruses that use distinct L
domain sequences to interact with different cellular proteins could
achieve the common goal of budding from the cell by using the cellular
MYVB formation pathway.

Conserved L domain sequences and functions have been character-
ized in widely divergent viruses including retroviruses and negative-
strand RNA viruses such as rhabdoviruses and filoviruses. Not all nega-
tive-strand RNA virus matrix proteins contain recognizable L domains,
however. Some matrix proteins, such as that of the paramyxovirus SV5,
do not contain any of the previously characterized L domain sequences.
Interestingly, rhabdovirus and filovirus M proteins, like retroviral Gag
proteins, induce efficient budding of vesicles from transfected cells when
expressed alone, whereas the SV5 M protein directs efficient budding
only when coexpressed with additional SV5 proteins. One possibility
that needs to be tested is whether the specific mechanism used for re-
cruitment of host factors to facilitate virus budding affects the minimum
set of viral proteins that must be expressed for efficient budding to oc-
cur. Even in the case of SV5, both virus budding and VLP budding were
inhibited by expression of a dominant-negative Vps4 protein (A.P.
Schmitt and R.A. Lamb, unpublished observation), suggesting that host
machinery does play an important role in SV5 budding. Thus, for many
viruses that bud efficiently yet lack well-defined L domain sequences,
participation of host machinery may be critically important for bud-
ding, although the mechanisms used to recruit this machinery remain
undefined.

7
Concluding Remarks

Much has been learned about assembly and budding of negative-strand
RNA viruses in the 10 years since reverse genetics technology has be-
come available for the study of these viruses. Roles for matrix proteins
and glycoproteins in virus budding have been confirmed. Signals that al-
low incorporation of foreign glycoproteins into budding virions have
been identified. Other aspects of virus assembly and budding are not as
well understood. For example, although membrane rafts have been
shown to serve as sites for the budding of some viruses, the precise
function(s) of these lipid microdomains in virus assembly remain un-
clear. Although L domain sequences that serve to recruit host factors to
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assist in the late steps of virus budding have been identified in some cas-
es, such sequences remain undefined for most negative-strand RNA
viruses. A clearer understanding of these events can be expected in the
future as these topics are further investigated, and as advances in cell bi-
ology add to our understanding of the underlying principles upon which
these virological processes are based.
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Abstract The Paramyxoviridae, a large family of nonsegmented nega-
tive-strand RNA viruses, comprises several genera each containing im-
portant human and animal pathogens. They possess in common six bas-
al genes essential for viral replication and, in addition, a subset of acces-
sory genes that are largely unique to each genus. These accessory genes
are either encoded in one or more alternative overlapping frames of a
basal gene, which are accessed transcriptionally or translationally, or in-
serted before or between the basal genes as one or more extra genes.
However, the question of how the individual accessory genes contribute
to actual viral replication and pathogenesis remained unanswered. It
was not even established whether they are dispensable or indispensable
for the viral life cycle. The plasmid-based reverse genetics of the full-
length viral genome has now come into wide use to demonstrate that
most, if not all, of these putative accessory genes can be disrupted with-
out destroying viral infectivity, conclusively defining them as indeed dis-
pensable accessory genes. Studies on the phenotypes of the resulting
gene knockout viruses have revealed that the individual accessory genes
greatly contribute specifically and additively to the overall viral fitness
both in vitro and in vivo.

Abbreviations aMPV Avian metapneumovirus - bPIV3 Bovine
parainfluenza virus 3 - bRSV Bovine respiratory syncytial virus -

CDV Canine distemper virus - CPE Cytopathic effect -

DDBI The 127-kDa subunit of the damage-specific DNA binding
protein - GAF Gamma-activated factor - GAS Gamma-activated
sequence - HeV Hendra virus - HIV-1 Human immunodeficiency

virus 1 - kMPV Human metapneumovirus - #PIV] Human parainfluenza
virus 1 - hPIV2 Human parainfluenza virus 2 - hPIV3 Human
parainfluenza virus 3 - hRSV Human respiratory syncytial virus -
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IFN Interferon - IRF Interferon regulatory factor -

ISG Interferon-stimulated gene - ISGF Interferon-stimulated gene factor -
ISRE Interferon-stimulated response element - JAK Janus kinase -

LDsy 50% Lethal dose - MeV Measles virus - MuV Mumps virus -

NDV Newecastle disease virus - NiV Nipah virus - ORF Open reading
frame - PDV Phocine distemper virus - RACK Receptor for activated C
kinase - PKR RNA-dependent protein kinase - RNP Ribonucleoprotein -
RPV Rinderpest virus - RV Rabies virus - SeV Sendai virus - STAT Signal
transducer and activator of transcription - SV5 Simian virus 5 -

$V41 Simian virus 41 - TNF Tumor necrosis factor - TPMV Tupaia
paramyxovirus - VSV Vesicular stomatitis virus - VV Vaccinia virus

1
Introduction

The family Paramyxoviridae contains a variety of important human and
animal pathogens, including hPIVs, MeV, MuV, hRSV, CDV, and NDV,
which have been well recognized since early studies in virology. The
family also includes newly emergent agents such as HeV, NiV, PDV, and
hMPV (Tables 1, 2). The family is classified into two subfamilies, the
Paramyxovirinae and the Pneumovirinae. Paramyxovirinae comprises
five genera, the Respirovirus, Morbillivirus, Rubulavirus, Avulavirus, and
Henipavirus (Table 1). The latter two were approved by the latest Inter-
national Committee on Taxonomy of Viruses (ICTV) in 2002. Yet unas-
signed to a genus is TPMV, which is tentatively categorized in “TPMV-
like viruses” Pneumovirinae has two genera, Pneumovirus and Metap-
neumovirus (Table 2). The Paramyxoviridae are enveloped viruses with
a linear, nonsegmented negative-sense (—) RNA genome of approxi-
mately 15 kb. As exceptions, the genomes of Henipaviruses and TPMV
are relatively long, ranging from 17.9 to 18.2 kb, and those of the Metap-
neumovirus, hMPV and aMPV, are relatively short (13.4 kb). A genome
consisting of a single molecule of negative-sense RNA also is character-
istic of three other families, Rhabdoviridae, Filoviridae, and Bornaviri-
dae, together constituting the order Mononegavirales.

The individual members of the Paramyxoviridae have their own un-
ique histories of coevolution with the respective hosts but share com-
mon features regarding genome structure and function. They have six
basal genes encoding the genomic RNA-binding N (nucleocapsid) pro-
tein, the phospho (P) protein (the smaller subunit of RNA polymerase),
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Table 1 Products of the P and SH genes and their length (number of amino acids) in
the subfamily Paramyxovirinae®

Genus, species P \Y% D W/ C SB X SH
[GenBank R/
accession no.]
Respirovirus
SeV [X00087] 568 316/68 - 316/2* 215(C’), - 95 -
204(C),
181(Y1),
175(Y2)
hPIV1 [M74080] 568 —* - - 218(C), - - -
204(C),
181(Y1)
bPIV3 [Y00115] 596 240/171 240/127 - 201 - - -
hPIV3 [X04721] 602 240/8, -* 240/133 - 199 - - -
Morbillivirus
MeV [M10456] 507 230/69 - 230/6* 186 - - -
294/5%
RPV [Z30697] 507 230/69 - 230/4* 177 - - -
CDV [M32418] 507 230/69 - 230/13* 174 - - -
PDV [X75960] 507 230/69 - 230/6* 174 - - -
Avulavirus
NDV [Z26249] 395 133/106 - 133/94* - 96 - -
“TPMV-like viruses”
TPMV [AF079780] 527 228/54 - 228/6* 153 7 - -
Henipavirus
HeV [AF017149] 707 404/53 - 404/4* 166 65 - -
NiV [AF212302] 709 406/50 - 406/44* 166 - - -
Rubulavirus
SV5 [J03142] 162/229 222 - 162/9* - - - 44
hPIV2 [M37751] 161/233 225 - 161/4* - - - -
SV41 [X64275] 161/233 225 - 161/5* - - - -
MuV [D00352] 153/238 224 - 153/17% - - - 57

® The numbers of amino acids were derived from GenBank with the individual ac-
cession numbers given in brackets.

When frame shifting is involved, numbers upstream before shifting and those
downstream after shifting are separately shown with a slash.

-, Not encoded; -*, Vrelic is present. For details, see text.
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Table 2 Numbers of amino acids of the accessory proteins in the subfamily Pneu-
movirinae®

Genus, species [GenBank accession no.] NS1 NS2 SH M2-1  M2-2

Pneumovirus

hRSV [AF013254] 139 124 65 195 90
bRSV [AF092942] 136 124 81 186 90
Metapneumovirus

hMPV [AF371337] - - 183 187 71
aMPV [AJ492378] - - 175 186 73

2 Data were derived as described in the footnote of Table 1; -, not encoded.

the matrix (M) protein, the fusion glycoprotein F, an attachment glyco-
protein HN, H, or G, and the L protein (the larger and catalytic subunit
of polymerase), arranged in that order from the 3’ terminus (Fig. 1). The
Pneumovirus is exceptional in that the order of the two glycoprotein
genes is reversed (Fig. 1, in parentheses). The attachment glycoprotein is
termed hemagglutinin-neuraminidase or HN for the Respirovirus, Avu-
lavirus and Rubulavirus, hemagglutinin or H for Morbillivirus and
TPMYV, and simply G for the Henipavirus genus and the Pneumovirinae
subfamily.

The extracistronic 3’ leader and 5’ trailer regions are about 50 nucleo-
tides in length and contain a cis-acting element essential for replication.
The genomic (—)RNA is tightly associated with N proteins and is further
complexed with the RNA polymerase comprising the L and P proteins
(Hamaguchi et al. 1983), forming a helical (~)RNP. The 3'-terminal 12
nucleotides of the genome and antigenome of each genus are nearly
identical, suggesting their roles as the replication promoter. An addi-
tional internal element, which is aligned with the 3/-terminal region to
the same surface of helical RNP, is also thought to be important for pro-
moter function for the Paramyxovirinae, suggesting a bipartite model of
promoter (reviewed in Lamb and Kolakofsky 2001). Transcription initi-
ates at the 3’ end of the genome, and genes are copied sequentially in
their 3’ to 5 order. By recognizing the stop (termination/polyadenyla-
tion) and restart signals present at each gene boundary, the polymerase
generates each mRNA. Transcription has a polarity gradient such that
the efficiency of transcription decreases with the increasing distance of
the various genes from the promoter. These transcription-regulatory
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Fig. 1 Gene maps of the representatives of different genera of the Paramyxoviridae
with emphasis on the acquisition and expression of the putative accessory genes. In
common, paramyxovirus genomes possess six basal genes encoding the N, P, M, F,
HN (or H or G), and L proteins in this order from the 3’ terminus, which are essen-
tial for the viral life cycle. In the Pneumovirus, the order of F and G is reversed as
shown in parentheses. The viruses appear to have evolved the putative accessory
genes via two distinct pathways. One pathway involves encoding the genetic infor-
mation into one or more alternative overlapping reading frames that are accessed
transcriptionally or translationally, and the other involves the addition (bold arrows)
of information as one or more extra genes with a new set of transcription start and
stop signals before or between the basal genes. +1G and +2G, cotranscriptional in-
sertion of 1G and 2Gs, respectively, at the specific genome locus (editing site, dashed
line in the P gene) into the transcripts; +0G, no G addition. @, 5’ cap and AA, 3’ poly
A of mRNAs. The gene size is not drawn to scale. For details see the text, Table 1 and
Table 2

units are highly conserved in each virus species. Nevertheless, subtle se-
quence differences that occur naturally in these transcription signals
can affect the efficiency of transcription or reinitiation at the individual
gene junctions and thus can further moderate the efficiency of down-
stream gene expression (Kato et al. 1999). Between the stop and restart
signals are the intergenic regions that are not copied into mRNAs. They
are conserved as trinucleotides in some genera and in others are highly
divergent in length and sequence. As an exception, the M2 and L genes
of hRSV overlap by 68 nucleotides, and the start signal of the L gene is



Accessory Genes of the Paramyxoviridae, a Large Family of Nonsegmented 203

located inside of, but not after, the M2 gene (reviewed in Collins et al.
2001). After translation of these mRNAs and accumulation of the prod-
ucts, genome replication begins. Here, the same polymerase copies the
same RNP template but now ignores the successive stop signals and
reads through gene boundaries to generate a full-length antigenomic,
positive-sense (+)RNP. A precondition for this read-through is thought
to be the ongoing association of newly synthesized N subunits with the
nascent RNA chain, which initiates at or very close to the 5’ end of the
nascent chain. The (+)RNP, in turn, serves as the template for the syn-
thesis of (—)RNP. The (—)RNP is incorporated into the progeny or used
as the template for the next round of replication in the same cell. The
viral components meet together at the plasma membrane, and the ma-
ture virions are formed and released by budding from the plasma mem-
brane. The paramyxovirus life cycle is entirely cytoplasmic and has no
nuclear phase.

The paramyxovirus genomes characterized by the presence of the
above-described six basal genes and cis-acting elements appear to have
already evolved considerable divergence between the two subfamilies
and among the genera. Further diversification has been made by acquir-
ing a variety of additional genes that are largely unique to each genus
(Fig. 1). Historically, these additional genes were detected as a virus-spe-
cific product expressed in infected cells and/or as an ORF in the viral ge-
nome nucleotide sequences. They have been regarded as accessory pro-
teins, which may not always be essential for the viral life cycle. However,
the question of how the accessory genes contribute to actual viral repli-
cation remained unanswered. It was not even established whether they
are dispensable or indispensable for the viral life cycle. These questions
central to the Paramyxoviridae could be addressed only by reverse ge-
netics of the full-length viral genome because the definition of a viral ac-
cessory gene is that its ORF can be disrupted without destroying viral
infectivity and because the phenotypes of the resulting gene knockout
viruses in host cells and organisms provide crucial clues to establishing
the roles of the gene in question. The technology to recover infectious
virus entirely from ¢cDNA and to allow plasmid-based reverse genetics
has come into wide use for the Paramyxoviridae (reviewed in Nagai
1999; Nagai and Kato 1999), highlighting the putative accessory genes as
the focus of active investigation.

The (—) and (+)RNP complexes, not the naked RNA, are functional as
the template for transcription and antigenome synthesis and the tem-



204 Y. Nagai and A. Kato

plate for genome synthesis, respectively. Such a functional RNP must be
generated to initiate the viral life cycle from cDNA. Thus the plasmid en-
coding the full-length viral genome or antigenome is transfected to a cell
and the N, P and L proteins must be supplied in trans in the cell. These
supporting proteins are usually expressed from the respective cotrans-
fected plasmids. All these plasmids are under the control of the bacterio-
phage T7 RNA polymerase promoter and are driven in cells infected
with a recombinant VV expressing the T7 polymerase. Some modifica-
tions have been made, which include the use of cell transformants stably
expressing the T7 polymerase, or one or more of the viral proteins (for
details see the chapter by Conzelmann, this volume). At the beginning,
rescue efficiency of paramyxoviruses (MeV, hRSV, SeV) as well as rhab-
doviruses (RV, VSV) was generally low, being one infectious unit (IU)
from approximately 107 transfected cells, but was remarkably high in
our case of SeV (at least 1 TU per 10° cells), possibly because of better
tuning of the various factors in the system (Kato et al. 1996 and refer-
ences therein). Generally, low rescue efficiency might be largely due to
CPE caused by the helper VV. Thus SeV rescue efficiency was increased
further as much as 100-fold (1 IU per 10’ cells) by using VV that had
been irradiated with long-wave UV in the presence of psoralen and thus
exhibited impaired replication and reduced CPE without losing much of
the capacity to express the T7 polymerase (Li et al. 2000).

As demonstrated for hPIV3, rescue does not always require the N
plasmid and was achieved after transfection of only two supporting
plasmids encoding the P and L proteins (Hoffman and Banerjee 1997).
Here, the N gene could be expressed in sufficient amounts from the T7-
directed, full-length antigenomic RNA transcript, probably because its
start codon represented the first AUG in the transcript. The M2-1 pro-
tein of Pneumovirus is a potent transcription elongator and antitermina-
tor (see Sect. 2.5). Initially, inclusion of M2-1 plasmid as an additional
support plasmid was reported to be required for hRSV rescue (Collins et
al. 1995). Subsequently, the N, P, and L plasmids were found to be suffi-
cient and M2-1 expression did not significantly increase rescue efficien-
cy (Jin et al. 1998; see the chapter by Conzelmann, this volume). As de-
scribed above, the synthesis of RNP complexes in the natural life cycle is
thought to progress strictly coupled with the chain elongation under the
continuous supply of de novo synthesized N proteins. Therefore, pre-
formed genome or antigenome RNA was believed to be incapable of as-
sembling into a functional RNP template to initiate the viral life cycle.
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However, this was disproved by the success of SeV recovery after the
transfection of preformed genome or antigenome RNA into cells ex-
pressing the N, P, and L proteins (Kato et al. 1996).

2
Strategies to Express the Accessory Genes

2.1
Two Principal Pathways for Expression

There are two principally distinct pathways for expressing the accessory
genes (Fig. 1). One of the pathways involves encoding the genetic infor-
mation in an alternative, overlapping reading frame. The alternative
frame can be expressed by several distinct mechanisms, including: (a)
independent ribosomal access of the frame (“ribosomal choice”), exem-
plified by C of Respirovirus and Morbillivirus; (b) expression of a down-
stream ORF by ribosomal reinitiation after translation of an upstream
frame, exemplified by M2-2 of hRSV and R of MeV; and (c) transcrip-
tional frameshift (“RNA editing”) to access an internal ORF, exemplified
by V of Respirovirus, Avulavirus, and Morbillivirus. The other principal
pathway involves the insertion of one or more additional genes, each
with its own set of transcription start and stop signals, before or be-
tween the six basal genes, as exemplified by the SH, M2, NS1, and NS2
genes of the Pneumovirus genus (Fig. 1). The two principally different
pathways appear to clearly characterize the two subfamilies, Paramyx-
ovirinae and Pneumovirinae. Of the Paramyxovirinae, Rubulavirus
maps closer to the Pneumovirinae than others because it not only uses
an alternative frame but also has inserted an additional gene (Fig. 1).

2.2
V, W, D, R, X, and I Proteins of the Subfamily Paramyxovirinae

Of the paramyxovirus accessory proteins, the V protein is the most
widely distributed, being encoded by all five genera and TPMV in the
subfamily Paramyxovirinae, and is expressed as one of the multiple
products from the P gene (Fig. 1, Table 1). As detailed below, a fraction
of mRNA transcribed from P is a faithful copy of the gene, whereas the
remainder can be modified by a process called RNA editing, in which
the polymerase stutters at an editing motif located midway down the
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gene and directs the insertion of one, two, or more G residues, which
shift the reading frame and access one or more internal ORFs. This co-
transcriptional RNA editing creates chimeric proteins, where the N-ter-
minal domain encoded by the P gene is fused to that encoded by the ac-
cessed ORE.

In SeV, the type species of the Respirovirus, the V protein of 384 ami-
no acids is encoded by an edited mRNA, which has an insertion of a sin-
gle nontemplated G residue (+1G), whereas the P mRNA, the faithful
copy (+0G) of the P gene, encodes the P protein of 568 residues (Vidal
et al. 1990a,b) (Fig. 1, Table 1). The +1G editing to generate the V mRNA
occurs for about 25% (Pelet et al. 1991; Kato et al. 1997b) of the tran-
scripts at a specific P gene locus containing the editing motif 3'-UUUU-
UUCCC-5 (in genome sense). The RNA polymerase likely pauses at the
run of 3 Cs in this stretch, allowing for separation of the nascent tran-
script from the template. A shift (slippage) upstream by one nucleotide
during the subsequent realignment of the transcript with the template
can occur, allowing the polymerase to copy one C template again and in-
sert a single G residue (Vidal et al. 1990a). This +1G editing shifts the
reading frame to fuse the upstream P/V common ORF encoding 316
residues to the downstream —1 ORF of V-unique 68 residues (Table 1).
Essentially the same strategy of one G insertion to express the V protein
comprising the P/V common and V-unique regions is used by all genera
except the Rubulavirus genus, including the Morbillivirus MeV
(Cattaneo et al. 1989) and the Avulavirus NDV (Fig. 1) as well as the oth-
er members of Respirovirus (Table 1). Exceptions are hPIV1, which un-
dergoes no editing and possesses a V ORF interrupted with several stop
codons, and hPIV3, which possesses a closed trans V frame by two
stop codons present between the editing site and V ORF of 89 residues
(Durbin et al. 1999). Thus the V frame soon terminates after editing
(Table 1). The presence of such V relics for hPIV1 and hPIV3 (Table 1)
may suggest that these viruses once expressed a V-like protein.

In bPIV3 and hPIV3, +2G mRNAs are also generated and the prod-
ucts are called D with an extension of 127 and 133 amino acids from the
editing site, respectively (Table 1). In addition, one to six Gs are added
at roughly equal frequencies for bPIV3 so that mRNAs encoding all three
overlapping frames are generated (Pelet et al. 1991). Insertion of two Gs
also occurs for SeV, albeit much less frequently and actually for less than
5% of the SeV transcripts (Kato et al. 1997b), generating the W protein.
This shifts the frame to terminate two codons later (Table 1). According
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to the sequence database, a similar W-like protein is potentially synthe-
sized by many other viruses (Table 1). NDV and NiV appear to be excep-
tional in that their Ws may have an unusually long C-terminal extension
(Table 1). As an additional complexity, two products of the P or V ORF
are expressed by mechanisms that do not involve RNA editing. The R
protein of MeV, which has not been identified for any other virus, has
an extended P ORF and a deletion of large part of V. It is produced by
ribosomal frame shifting that occurs during translation of P ORF to ac-
cess the V ORF 5 codons upstream of the V termination codon (Liston
and Briedis 1995) (Table 1). The X protein of SeV (Table 1), which has
not been identified for any other virus, is expressed from the P ORF us-
ing the initiation codon positioned more than 1,500 nucleotides down-
stream of the P mRNA and presumably involves internal ribosome entry
(Curran and Kolakofsky 1987).

The paramyxovirus cotranscriptional editing was first disclosed for
SV5 in the Rubulavirus (Thomas et al. 1988). In this genus, however, it is
the P mRNA that is edited, whereas the V mRNA is the faithful copy
(Fig. 1, Table 1). The editing site is 3’~AAAUUCUCCC-5/, inserting two
Gs. One G insertion also occurs for SV5, generating the I protein that is
soon terminated like the W protein of SeV and hence essentially repre-
sents the upstream module of P (P/V common segment) (Table 1). How-
ever, because of the high stringency of the editing mechanism, a single
G insertion appears to occur rarely. The I protein may thus be expressed
from +4G mRNA rather than +1G mRNA (reviewed in Lamb and
Kolakofsky 2001). Other rubulaviruses share the same pattern of editing
(Table 1).

Whereas the N-terminal domain that is common to P and V is the
least conserved in amino acid sequence among the paramyxovirus pro-
teins, the C-terminal V-unique regions are the best conserved (Nagai
1999). Of the 15 perfectly conserved residues, 7 are cysteines. They are
clustered in the extreme C terminus and bind two atoms of zinc (Liston
and Briedis 1994; Paterson et al. 1995). However, the domain appears to
be distinct in amino acid sequence and in the spacing of cysteine resi-
dues from any other known zinc-binding motifs (Ulane and Horvath
2003). The V protein of SV5 and other rubulaviruses as well as the Avu-
lavirus NDV is a structural protein associated with the nucleocapsid and
is incorporated into virions, whereas it is a nonstructural protein absent
in the virions of respiro- and morbilliviruses (reviewed in Lamb and
Kolakofsky 2001).
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2.3
C Proteins of the Paramyxovirinae

The C protein is expressed by three genera (Respiro-, Morbilli-, and
Henipavirus) and TPMV of the Paramyxovirinae from a separate ORF
that overlaps the upstream half of the P/V common ORF in the +1 frame
and is upstream of the editing site and hence undisturbed and present
in both edited and unedited mRNAs (Fig. 1). C is expressed as a single
or multiple C-coterminal species, depending on the virus, because of the
use of alternative translational start sites. SeV C ORF produces a nested
set of four C-coterminal proteins, C’, C, Y1, and Y2, initiating at a non-
AUG codon, ACG/81, and AUGs/114, 183, 201, respectively (Curren and
Kolakofsky 1988, 1989) (Table 1, also see Fig. 2A). These are collectively
called C proteins. Among them, the 204-residue-long C is the major spe-

Fig. 2 Naturally occurring C proteins and artificial truncates constitutively ex-
pressed in HeLa cells (A) and their capacity to antagonize the anti-VSV action in-
duced by IFN-$ and IFN-y (B) and to inhibit viral RNA synthesis from an SeV mini-
genome (C). Cells that survived challenge infection with VSV or were mock infected
and were attached to the plates were fixed and stained (B). The expression of the re-
porter luciferase gene from the mini-genome was measured (C). NT in A, not tested;
none in B and C, no IFN addition or no C protein expression. (Adapted from Kato et
al. 2001, 2002 with permission)
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cies that is expressed in infected cells at a molar ratio severalfold higher
than the other three. For hPIV1 three C proteins (C', C, and Y1) have
been identified (Table 1) (Power et al. 1992). All the other viruses have
been thought to express a single C protein. However, there are numerous
methionine codons in their C ORFs. These predict, for instance, a possi-
ble second C protein of 157 residues, 156 residues, and 136 residues for
hPIV3, bPIV3, and CDV, respectively. In view of the importance of the
C-terminal half (106 residues) for the multifunctional SeV C protein of
204 residues (see Sects. 3.4.1 and 3.4.2), it should be determined experi-
mentally whether or not those predicted additional C proteins are ex-
pressed in cells. HeV and TPMV contain another ORF positioned mid-
way along the C ORF, which putatively encodes a short basic (SB) pro-
tein (Wang et al. 1998; Tidona et al. 1999), but this small ORF is not con-
served in NiV (Harcount et al. 2000) (Table 1). An analogous SB protein
ORF was identified in the P/V ORF of NDV (Lamb and Kolakofsky 2001)
and is listed in Table 1, although NDV does not encode the C protein.

The SeV C proteins are expressed abundantly in infected cells but are
present only in trace amounts in the virions and thus are essentially
nonstructural proteins. Paramyxovirus C protein homology is consider-
ably high within each genus and quite low between different genera. In
common, the C proteins are relatively small (containing some 150-200
amino acids) (Table 1) and highly basic, with an isoelectric point of
around 10 (reviewed in Nagai 1999).

2.4
SH Proteins of the Genus Rubulavirus and the Subfamily Pneumovirinae

Two rubulaviruses, SV5 and MuV, have a small gene located between the
F and HN genes, which is expressed as a separate mRNA encoding a
small hydrophobic (SH) protein (Hiebert et al. 1985; Takeuchi et al.
1991) (Fig. 1, Table 1). The SV5 SH protein is a 44-residue-long type II
integral membrane protein. It is expressed at the cell surface and incor-
porated into the virions (reviewed in Lamb and Kolakofsky 2001). A
gene encoding a comparable SH protein is found in members of the
Pneumovirinae (Table 2): In the Pneumovirus genus SH is inserted be-
tween the M and G genes, and in the Metapneumovirus genus SH is in-
serted, together with the M2 gene, between the F and G genes (Fig. 1).
The hRSV SH protein is also a type II membrane protein expressed at
the cell surface and packaged into virions. It is present in infected cells
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in four biochemically different forms: SHo contains 65 amino acids and
is an abundant, full-length, nonglycosylated species; SHg additionally
contains a single N-glycan ; SHp has a high-mannose type N-glycan fur-
ther modified by adding polylactosaminoglycan ; and SHt is a species
derived from a second initiation codon of the ORF and nonglycosylated
(reviewed in Collins et al. 2001). The metapneumovirus SH proteins are
considerably longer than those of pneumoviruses as well as SV5 and
MuV (Tables 1, 2).

2.5
NS1, NS2, M2-1, and M2-2 Proteins of the Pneumovirus

The nonstructural (NS) proteins 1 and 2 are unique to the members of
the Pneumovirus genus, and no counterpart is found in other paramyx-
oviruses including the Metapneumovirus (Fig. 1, Table 2). They are each
expressed as a separate mRNA from genes that are mapped to the very
3’ terminus of the genome upstream of the N gene, which is always local-
ized in the closest proximity to the 3’ end in other paramyxoviruses
(Fig. 1). However, the assignment “nonstructural” is provisional because
the virions cannot be sufficiently purified to conclusively define whether
they are structural or nonstructural (Collins et al. 2001).

The M2 gene of the Pneumovirus hRSV is located between the F and L
genes (Fig. 1) and is expressed as a separate mRNA with two overlapping
ORFs. The M2-1 ORF is 5 proximal and encodes a protein that is criti-
cally required for the RSV life cycle. The M2-1 protein is required for
full processivity of transcription and in addition acts as a transcription
antitermination factor that enhances read-through of intergenic junc-
tions (Fearns and Collins 1999; Hardy and Wertz 1998; Hardy et al.
1999). Intracellularly, M2-1 appears to be associated with RNP (Garcia-
Barreno et al. 1996). The second, downstream ORF encodes the M2-2
protein, which appears to be a nonessential regulatory factor for RNA
synthesis (Bermingham and Collins 1999; Jin et al. 2000). The M2-1 and
M2-2 OREFs slightly overlap each other (Fig. 1). After completion of the
translation of M2-1, the ribosomes likely reinitiate at any of the three
closely spaced AUG codons that are localized just before the M2-1 termi-
nation codon (reviewed in Collins et al. 2001). A comparable M2 gene
with comparable sizes of M2-1 and M2-2 ORFs is mapped, together with
the downstream SH gene, between the F and G genes of the Metapneu-
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movirus hMPV and aMPYV, according to the sequence database (Fig. 1,
Table 2).

3
Strong Requirement of Accessory Proteins
for the Overall Fitness of SeV

3.1
SeV-Mouse System as an Experimental Paradigm

Viral accessory genes are generally dispensable for viral replication un-
der standard cell culture conditions. Their functions thus are often
brought into relief in the context of in vivo growth and pathogenesis in
the susceptible host organisms. SeV, also called hemagglutinating virus
of Japan (HV]J), causes fatal pneumonia in mice, although its natural
ecology is full of enigma (see Sect. 8). Thus the outcomes of SeV reverse
genetics can be assessed with relative ease in laboratory mice. In con-
trast, in vivo studies of most other paramyxoviruses are less easy be-
cause their natural hosts are often humans and large animals and be-
cause mouse or small animal models do not satisfactorily mimic natural
infection and disease. Thus the SeV-mouse system represents a good ex-
perimental paradigm for carrying out reverse genetics to understand the

roles of putative accessory genes in viral replication and pathogenesis in
vivo.

3.2
Disruption of the Vand C ORFs Without Destroying Viral Infectivity

Two nucleotide changes were introduced into the 6Us-3Cs editing motif
without affecting the P ORF in the plasmid pSeV(+) that generates full-
length SeV antigenome, and an infectious virus, named V(-), was recov-
ered, which undergoes no 1G or 2Gs insertion and expresses no Vor W
protein (Kato et al. 1997a). Remarkably, the V(—) mutant was as high as
the parental wild-type SeV in efficiency of recovery from cDNA and as
active as the wild type in replication in various cell lines and embryonat-
ed chicken eggs. These results unequivocally demonstrated for the first
time that the predicted editing motif indeed directs correct editing and
that the V protein (as well as the W protein) is an accessory protein,
which is almost completely dispensable for replication in vitro and in
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ovo. Alternatively, the V-unique C-terminal region was deleted by intro-
ducing stop codons just downstream of the editing site, generating VAC
virus, which displayed a normal efficiency of editing and expressed, in-
stead of the V protein, a W-like protein in great excess. VAC was as ac-
tive as the wild type or V(—) in vitro and in ovo (Kato et al. 1997b;
Delenda et al. 1997).

In many but not all of the cell types tested, V(—) replicated even faster
and to higher titers than the wild type, with intracellular accumulation
of higher levels of genome, antigenome, transcripts, and the final gene
products (Kato et al. 1997a,b). These unique phenotypes of V(-) are
compatible with the notion that SeV V protein downmodulates RNA rep-
lication (Curran et al. 1991). This downmodulation appeared to be
caused by both the V and W proteins, probably through binding to
unassembled free N protein, preventing its interaction with P protein
and making the N protein unavailable for encapsidation (Horikami et al.
1996). Consistent with this, VAC expressing the W-like molecules in ex-
cess did not display the augmented in vitro phenotypes seen for V(-)
(Kato 1997b). Thus the augmented phenotypes of V(—) can simply be at-
tributable to the resulting lack of V or W protein to compete for binding
with unassembled N protein. All transcripts from the P gene were the P
mRNA for editing minus V(-), whereas the P mRNA accounted for
~75% for editing plus VAC or the wild type, resulting in an increased
level of P protein in cells infected with V(-) (Kato et al. 1997a,b). This
increased level of P protein might also be responsible for the augmented
phenotype characteristic of V(-), because the predicted coiled-coil for
tetramerization, the L binding site and the N:RNA binding site, which
are required for RNA polymerase function, were all mapped to the P-un-
ique, C-terminal 40% of the P protein but not to the P/V common region
(reviewed in Lamb and Kolakofsky 2001).

It was extremely difficult for us to silence the expression of all four C
proteins, C', C, Y1, and Y2, by disrupting the individual initiation co-
dons and/or introducing stop codons just downstream of the initiation
codons without affecting the P ORE. We therefore initially thought that
at least one of the four C proteins might be essential for the SeV life cy-
cle. However, after repeated attempts in a system finely tuned to maxi-
mize rescue efficiency, we succeeded in generating a strongly attenuated
but still viable all four C knockout clone, 4C(—), unequivocally establish-
ing that SeV C proteins also fall in the category of nonessential accessory
gene products (Kurotani et al. 1998). The difficulty was obviously due to
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Fig. 3 Growth kinetics (A) and RNA synthesis (B) of 4C(—) and the wild type (wt) of
SeV virus in CV 1 cells and the sedimentation profiles through a 20%-50% sucrose
gradient (C) and morphology (immunoelectron microscopy; bar, 100 nm) (D) of the
progeny virions. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. Viral particles
in each fraction of the sucrose gradient were detected as viral proteins resolved on
an SDS-PAGE. (Adapted from Hasan et al. 2000 with permission)

a strong reduction of infectivity by nearly four logs in ovo, probably
closest to the limit of virus rescue even in our fine-tuned system. The
replication of 4C(-) in tissue culture cells was also strongly impaired
(Hasan et al. 2000) (see Fig. 3A). It was relatively easy to generate C' and
C double knockout, C/C'(—) viruses and other partial C knockout virus-
es because they replicated better and reached higher titers than 4C(-)
(Kurotani et al. 1998). The C/C'(—) viruses overexpress the Y1 and Y2
proteins, probably because of translation upregulation by the stop co-
dons placed close to the initiation codons for the Y1 and Y2 ORFs to si-
lence C' and C expression (Kurotani et al. 1998 and references therein).
Despite such overproduction of Y1 and Y2, the infectivities of C/C'(-)
viruses were still reduced by about two logs in ovo compared with the
wild type, indicating that the shorter Y1 and Y2 cannot fully compensate
for the loss of the longer C’' and C (Kurotani et al. 1998).
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3.3
The V Protein Plays a Role in Pathogenesis In Vivo

3.3.1
Requirement of the V Protein for Maintaining a Viral Load High Enough
to Cause Fatal Pneumonia in Mice

SeV spreads at the epithelium of the lung and causes fatal pneumonia in
mice. On the basis of LDs, the V(—) virus was attenuated as much as
about 160-fold, and VAC 25-fold (Kato et al. 1997a,b). Under the condi-
tions used, the wild-type SeV induced severe pathological changes of the
lung and strongly impaired body weight gain, causing death in all the
mice by day 10 p.. In contrast, both V(-) and VAC induced much
milder pathological changes, only marginally affected body weight gain,
and allowed all the mice to survive for a period up to 14 days, The main
feature of V(—) and VAC multiplication in the lung was that they grew as
efficiently as the wild type in the initial 1 or 2 days of infection but then
were rapidly cleared, in contrast to the wild type, which maintained a
high viral load throughout. Thus, although almost completely dispens-
able in vitro and in ovo, the SeV V protein appeared to encode a luxury
function specialized for maintaining a viral load high enough to induce
fatal pneumonia in mice. Natural killer (NK) cells and IFNs are generally
important for host defense early in viral infections. However, rapid erad-
ication of V(-) and VAC virus after vigorous growth was still clearly
seen in beige mice defective in NK response and IFN-a/f receptor
knockout mice (unpublished data). Thus the reason why V mutants are
rapidly eradicated from the body remains to be elucidated.

Delenda et al. (1998) also generated an editing minus (V edit-minus)
mutant analogous to our V(—) and observed its significantly reduced
pathogenicity for mice, being compatible with our V(—) phenotype.
However, because this V edit-minus virus was created by deleting six Us
at the editing site and hence caused two lysines to be deleted from the P
protein, it is unfortunately difficult to attribute its phenotypes solely to
abolishing editing. The VAC viruses generated by Delenda et al. (1997)
and by ourselves (Kato et al. 1997b) were directly compared, reaching
the conclusion that they were as pathogenic as the wild type (Delenda et
al. 1998). In this study, however, the loss of initial body weight (~20 g)
of 4- to 5 week-old mice was the only indicator of pathogenicity. To dis-
criminate VAC from the wild type, it probably would be necessary to
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use younger mice with a body weight of ~10 g and to compare not only
body weight but also the viral loads in the lung, degree of lung lesion,
and LDs, (Kato et al. 1997a,b).

3.3.2
Importance of the Conserved Residues in the V Protein for Zinc Binding
and Pathogenicity

The attenuation of not only V(-) but also VAC suggested the importance
of the V-unique C-terminal region for SeV pathogenesis. This 68-resi-
due-long C-terminal region is characterized by the presence of 15 resi-
dues that are perfectly conserved in all the other paramyxovirus V-un-
ique segments so far sequenced. They are clustered in subdomains I, II,
and III (Tidona et al. 1999; Fukuhara et al. 2002). Domain I comprises
four consecutive charged residues just downstream of the editing site.
Domain I comprises six residues and contains two of the conserved cys-
teine residues. Only the fifth residue is variable in this domain. The 13-
residue-long domain III possesses the remaining 5 cysteines and a pro-
line. Recombinant SeVs with single, double, or triple point mutations in
each of the three domains were all capable of full replication in tissue
culture cells but were attenuated in mice to a degree that was less than
V(-) but similar to VAC (Huang et al. 2000; Fukuhara et al. 2002). When
the mutated C-terminal peptides were fused to glutathione-S-transferase
and expressed in Escherichia coli, each displayed more or less impaired
zinc-binding capacity. These data indicate that all three domains play
critical roles in zinc binding and in causing fatal pneumonia in mice. It
is noteworthy that mutations of noncysteine residues in domain I and
those cysteines in domains II and III were equally effective in impairing
zinc binding, suggesting that full zinc binding is highly dependent on
the conformation of the entire V-unique segment. In addition, the
nucleotides encoding the domain I just downstream of the editing site
appeared to affect the efficiency of editing itself (Fukuhara et al. 2002).

3.4
Versatility of the C Proteins

Not only 4C(—) but also C/C'(—) viruses were totally incapable of grow-
ing productively in the mouse lung and thus were virtually non-
pathogenic (Kurotani et al. 1998). Other phenotypes revealed by our C/
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C/(-) and other partial C knockout viruses so far have been intermediate
between those of the two extremes, 4C(—) and the wild type, being not
very informative. Thus the versatility of SeV C proteins has been re-
vealed mainly by comparisons between the wild-type and 4C(-) viruses.

3.4.1
Capacity to Antagonize the Antiviral Action of IFNs

Studies made in the 1960s showed that preinfection or persistent infec-
tion of cells with SeV or hPIV3 enhanced the growth of other IFN-sensi-
tive viruses such as NDV and VSV, suggesting that SeV and hPIV3 some-
how render cells unresponsive to autocrine IFN (Hermodsson 1963;
Maeno et al. 1966; Valle and Cantell 1965). It was further noted that SV5
infection rendered the cells unresponsive to exogenously added IFN (un-
published experiments cited in Choppin and Compans, 1975). Didcock
et al. (1999a) were the first to demonstrate that the paramyxoviruses
(SeV and SV5) encode the capacity to block IFN signaling, opening up
a new field of IFN antagonism by paramyxoviruses (reviewed in
Goodbourn et al. 2000; Gotoh et al. 2001, 2002).

SeV infection rendered both human and murine cells unresponsive to
IFN-a/f (Didcock et al; 1999a; Garcin et al. 1999; Gotoh et al. 1999). In-
fection of HeLa cells with the wild-type or V(-) virus was able to cir-
cumvent the IFN-a-mediated anti-VSV state, allowing full replication of
VSV in the presence of IFN-a. In contrast, cells infected with 4C(-) virus
remained fully responsive to IFN-a like mock-infected cells, exhibiting a
strong anti-VSV state (Gotoh et al. 1999). Even in the absence of exoge-
nously added IFN-a, VSV replication was restricted when cells were pre-
infected with 4C(—). This indicates that 4C(—)-infected cells are highly
sensitive to the feedback of autocrine IFN induced by 4C(-) itself. In
good agreement with these differences in biological phenotypes between
the viruses, induction of ISG products such as STAT1, STAT2, IRF-9
(p48), and PKR was suppressed in either wild-type or V(-) infected
cells, but not in 4C(—)-infected cells. These results strongly suggested
that the SeV C proteins inhibit IFN-o signaling and abrogate the anti-
VSV state induced by IFN-a. This IFN antagonism was seen when SeV
infection preceded IFN treatment by at least 1 h and more preferably by
several hours but was not appreciable when IFN was added before or si-
multaneously with SeV infection (Komatsu et al. 2000; Gotoh et al.
2002).
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To decide whether all four C proteins are necessary or whether one or
some of them are sufficient for IFN antagonism, and whether the IFN
antagonism requires an additional viral gene product(s), we established
HeLa cell lines constitutively expressing the various C versions and ex-
amined them for anti-IFN capacity (Kato et al. 2001). It was found that
the 175-residue-long Y2, the smallest of the four C proteins, is fully ca-
pable of circumventing activation of ISGs and induction of anti-VSV
state by both type I (f) and type II (p) IFNs (Fig. 2B). Also with stable
transformants, various truncates from the N and C termini of Y2 were
tested for IFN antagonism, revealing that a relatively large N-terminal
truncation close to the middle of the Y2 was tolerated, whereas a small
deletion from the carboxyl end resulted in the loss of IFN antagonism
(Fig. 2A, B) (Kato et al. 2002). The region responsible was thus narrowed
down to the 106-residue-long C-terminal half named Y3 (Fig. 2A).

IFN signaling is mediated through the JAK-STAT pathways (Aaronson
and Horvath 2002, also see the chapter by Garcia-Sastre, this volume).
Binding of IFN-a/f to the cell surface type I IFN receptor activates the
Janus kinases, JAK1 and Tyk2, which in turn phosphorylate STAT1 and
STAT? at tyrosine 701 and 690, respectively. The tyrosine-phosphorylat-
ed (pY) STAT1 and STAT?2 then form a heterodimer, migrate into the nu-
cleus, and combine with 1RF-9 to form the 1SGF3 complex; this complex
targets ISRE to activate the transcription of ISGs. IFN-y signaling in-
volves the activation of type II IFN receptor-associated JAK1 and JAK2.
The pY-STAT1s then formed become dimerized to form the GAF com-
plex, which migrates into the nucleus and eventually targets the GAS ele-
ments.

When the extracts were prepared under low-salt conditions from
HeLa cells treated with IFN-y at 16-20 h after infection with SeV and
fractionated, both unphosphorylated STAT1 and pY-STAT1 were found
in aberrant high-molecular-weight complexes (HMWCs) of over 200
MDa (Takeuchi et al. 2001). Such STAT1-HMWCs were not induced in
4C(-) infected cells but were always found when the C protein, but none
of the other viral proteins, was expressed from recombinant vaccinia
viruses. The C protein itself was also present in the HMWCs. In all situa-
tions in which HMWCs were not formed, pY-STAT1 was present in an
activated homodimer form, whereas no such dimer was seen in situa-
tions in which HMWCs were present. In the Rubulavirus SV5 that does
not have the C protein, the V protein encodes the anti-IFN capacity
(Didcock et al. 1999b). The SV5 V protein also targets STAT1 and in-
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duces proteasome-mediated degradation of STAT1 (see Sect. 6.2.1). In
contrast, the SeV C protein did not cause any degradation of STAT1 in a
variety of human and mouse cell lines including HeLa, U118, 2fTGH,
HECI1B, and BF (Garcin et al. 1999; Gotoh et al. 1999; Komatsu et al.
2000; Komatsu et al. 2002; Takeuchi et al. 2001; Young et al. 2000). More-
over, SeV-infected HeLa cell extracts were capable of converting the pY-
STAT1 homodimer to pY-STAT1-HMWCs, and this activity was no lon-
ger seen after removal of the C proteins from the extracts. In addition,
both STAT1 and pY-STAT1 could be coprecipitated with C proteins by
using anti-C antibodies. These molecular interactions captured in test
tubes suggest that the SeV C proteins physically associate with STAT1
and pY-STAT1 and somehow interrupt IFN signaling.

This C-STAT1 interaction could result in the suppression of phos-
phorylation of both STAT1 and STAT2 in response to short-term
(~30 min) IFN-a stimulation, which was seen early (~2 h p.i.) in infec-
tion (Komatsu et al. 2000). However longer-term (6 h or more) exposure
to IFN-a of SeV-infected cells caused a dramatic increase of pY-STAT1
level (Komatsu et al. 2002; Saito et al. 2002). This increase of pY-STAT1
was in part IFN independent and SeV dependent but was largely due to
longer-term exposure to IFN-a (Komatsu et al. 2002). In any event, inhi-
bition of STAT1 activation cannot fully account for the strong inhibition
of IFN-a signaling by the SeV C protein. With a panel of SeV C mutant
proteins, a strong correlation was demonstrated between the STAT1
binding capacity, the inhibition of IFN-¢ signaling, and the inhibition of
activation of STAT2 but not STAT1 (Gotoh et al. 2003). STAT?2 activation
thus appears to be a crucial target in the inhibition of IFN-¢ signaling
by the SeV C protein. The C protein may participate in this inhibitory
process via the interaction with STAT1.

Garcin and coworkers also assigned anti-IFN capacity of SeV to the C
proteins based on the results obtained with C mutant viruses and tran-
siently expressed C proteins with various mutations. Remarkably, only a
single point mutation of phenylalanine 170 to serine (F170S) (within the
106-residue-long C-terminal half), which was discovered as one of the
two point mutations (the other was in the L protein) associated with at-
tenuation of a highly virulent SeV isolate from a mouse through adapta-
tion to growth in LLC-MK2 cells (Itoh et al. 1997), caused complete abla-
tion of IFN-J antagonism (Garcin et al. 1999). At the same time, howev-
er, the authors emphasized the specific importance of the 114AUG-initi-
ated C protein relative to the smaller Y1 and Y2, from the observations
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that the C knockout virus still expressing the Y1 and Y2 failed to abro-
gate IFN-f-stimulated induction of STAT1 and to counteract the anti-
VSV action of the IFN. On the other hand, however, they indicated that
the Y1 and Y2 could be as effective as the longer C' and C proteins at
halting IFN-o/f3 signaling to ISRE, when expressed either independent
of or within a recombinant SeV (Garcin et al. 2000, 2001). Therefore, the
authors suggested that IFN-o/f signaling to induce an anti-VSV state
can occur independently of the well-established JAK/STAT/ISGF3 path-
way and that it is this parallel pathway that is targeted by the longer C
proteins (Garcin et al. 2001). It was further reported that the larger C'
and C but not shorter the Y1 and Y2 could induce mono- but not polyu-
biquitination and degradation of STAT1 at least in a mouse fibroblast
line, MEF, and human 2fTGH cells (Garcin et al. 2002, 2003). As de-
scribed above, STAT1 degradation by SeV in the latter cells was not ob-
served by others (Young et al. 2000). Thus, regarding IFN antagonism by
SeV, the experimental data actually obtained and the mechanisms pro-
posed by Garcin and coworkers appear to differ considerably from those
described above. Under these circumstances it may be misleading to
generalize that the AUG114-initiated C protein is specifically required to
interfere with IFN signaling (Lamb and Kolakofsky 2001). However, as
the AUG114-initiated C is expressed at a molar ratio several fold higher
than C', Y1, and Y2 in the viral life cycle, its actual contribution is great-
er than that of the other three in natural infection, even though the four
different C proteins are equivalent in their capacity to block IFN signal-
ing and induction of antiviral state.

34.2
Effects on Viral RNA Synthesis

The SeV C protein was initially recognized as a downmodulator of viral
mRNA synthesis and genome amplification using synthetic mini-gen-
omes as templates (Curran et al. 1992; Cadd et al. 1996). Therefore, to
rescue SeV from cDNA, the C ORF had to be disrupted in the plasmid
supplying the P protein (Garcin et al. 1995). The inhibition of genome
amplification was stronger on an internally deleted defective interfering
(DI) genome than on a copy-back DI genome, suggesting some but not
absolute promoter selectivity (Cadd et al. 1996; Tapparel et al. 1997),
and could be attributable, at least in part, to the capacity of the C protein
to bind to the L polymerase (Horikami et al. 1997).
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RNA synthesis inhibition by the C protein was supported by the find-
ing that the intracellular accumulation of viral messenger and genome
RNAs late in infection is greater with 4C(—) than with the wild-type SeV
(Fig. 3B) (Hasan et al. 2000). The HeLa cell lines constitutively express-
ing the various C proteins individually were equally active in inhibiting
SeV RNA synthesis from both a mini-genome (Fig. 2C) and a full-length
genome, indicating that Y2, the smallest of the 4 C proteins, is sufficient
for viral RNA synthesis inhibition (Kato et al. 2001). This is in contrast
to the earlier notion that RNA synthesis inhibition is attributable to C',
C, or both but not to Y1 and/or Y2 (Curran et al. 1992) but agrees with
the observations that little increased RNA synthesis late in infection was
caused by C/C'(—) viruses that overexpressed Y1 and Y2 (Kurotani et al.
1998; Latorre 1998).

The truncation from the N and C termini of Y2 indicated that the Y3
representing the C-terminal 106 residues was required for RNA synthesis
inhibition (Fig. 2C). Thus the requirements were similar in IFN antago-
nism and RNA downregulation (Fig. 2A). The C protein likely targets
the viral L protein in RNA downregulation and STATs in IFN antago-
nism. Whereas a critical requirement of F170 of the C protein for the lat-
ter was shown (Garcin et al. 1999), the residues important for interaction
with the L protein appear to be distributed throughout, many of which
are within the 106-residue-long C-terminal half (Grogan and Moyer
2001). The 106-residue-long Y3 region of SeV C protein shows a striking
similarity (89.5%) to the counterpart of hPIV1 but only moderate simi-
larity (48.6%) to that of hPIV3, although the similarity of the entire C
protein is 69.1% between SeV and hPIV1 and 44.1% between SeV and
hPIV3. SeV Y2 strongly inhibited the growth of hPIV1 but not at all that
of hPIV3 (Kato et al. 2002). These results also indicated the importance
of the overall sequence of the C-terminal half for the downregulation of
viral RNA synthesis.

The fact that the C/C’ double-knockout viruses sometimes displayed
delays of viral RNA synthesis early in infection (Kurotani et al. 1998;
Latorre et al. 1998) may suggest an accelerating function of RNA synthe-
sis for the C and C’ but can also be explained by overproduction of the
Y1 and Y2 proteins from the C/C’ double-knockout viruses (Kurotani et
al. 1998) that are fully competent in RNA synthesis inhibition. Whether
or not the promoter selectivity of genome replication by the C proteins
is exerted on the full-length genome also remains to be defined.
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3.4.3
Contribution to Viral Morphogenesis

That the central organizer in paramyxovirus morphogenesis is the M
protein has been established by a variety of studies. For instance, earlier
studies demonstrated that the M protein of SeV and NDV condenses
sparsely distributed envelope proteins on the cell surface into a patch of
virus-specific membrane, an immediate precursor of the viral envelope,
cross-links the viral envelope and internal components, and drives bud-
ding (Nagai et al. 1975, 1976b; Yoshida et al. 1976, 1979; reviewed in
Matsumoto 1982). Further support was added by recent reverse genetics
that involved deleting the M protein from MeV (Cathomen et al. 1998)
and SeV (Inoue et al. 2003) or introducing point mutations into the SeV
M protein (Sakaguchi et al. 2002). In addition to these viral protein-pro-
tein interactions, the assembly pathway involves viral interactions with
cellular proteins, cellular membranes, and membrane microdomains
called rafts (for review see Chazal and Gerlier 2003). The SeV C proteins
have been believed to have nothing to do with virus assembly, because
they are essentially nonstructural components that are expressed abun-
dantly in infected cells but are present in trace amounts in mature viri-
ons (see Sect. 2.3). Thus we were surprised to find that in cultured cells
4C(-) virus was produced largely as noninfectious particles with a sedi-
mentation profile distributing throughout the sucrose gradient (Fig. 3C)
and with highly anomalous morphology (Fig. 3D) (Hasan et al. 2000).
This suggests the contribution of the C proteins to virion assembly. How
a protein that is essentially nonstructural plays this role is difficult to
conceptualize.

Intracellularly, the SeV C proteins were well colocalized with the M
protein as well as the glycoproteins (Hasan et al. 2000). Unexpectedly,
colocalization of the basic C proteins and the acidic P protein was poor.
The C proteins should associate with the RNP via the interaction with
the L protein, but this association could not be visualized, probably be-
cause of a low copy number of intracellular and RNP-associated L pro-
tein. Because the M proteins are, in large part, phosphorylated intracel-
lularly (Lamb and Choppin. 1977), this negative charge might account
for their colocalization with the basic C proteins. However, recombinant
SeV engineered to ablate phosphorylation of M protein replicated nor-
mally in cells, indicating that M protein phosphorylation itself has no
important role but is just an epiphenomenon (Sakaguchi et al. 1997). A
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comparison of incorporation kinetics of intracellular viral proteins into
virions in the culture supernatants between 4C(—) and wild-type infec-
tions has shown a delay of incorporation of the M and glycoproteins,
but not the internal N and P proteins, in the absence of C proteins
(Hasan et al. 2000). Our speculation is that the SeV C protein may inter-
act with and convert the M protein as well as envelope proteins from pu-
tative assembly-incompetent forms to assembly-competent forms or, al-
ternatively, may guide these proteins to a presumptive assembly path-
way. The possible involvement of such a chaperone-like molecule in the
assembly of enveloped viruses is reminiscent of the Vif of HIV-1, which
is required during virus assembly to facilitate the formation of particles
competent for the early step of infection but is present in trace amounts
in the virion itself (Trono 1995). In the morphogenesis of the Rhabdovi-
rus VSV, the M protein plays a dual role. It not only assembles viral
structural units at the plasma membrane but also converts loosely coiled
filamentous RNP, which is transcriptionally active, to a tightly coiled,
transcriptionally inactive structure, resulting in shut-off of viral RNA
synthesis (reviewed in Rose and Whitt 2001). No RNA synthesis-inhibi-
tory function is known for paramyxovirus M protein. It is tempting to
speculate that the SeV C proteins may contribute to morphogenesis via
inhibiting or shutting off viral RNA synthesis.

3.4.4
Suppression of Apoptosis

SeV triggers the apoptosis death cascade through activation of caspase-8
and caspase-3 in various cell lines (Bitzer et al. 1999). However, the virus
was poorly capable of inducing apoptosis in some cell lines under condi-
tions in which VSV was highly apoptotic (Koyama et al. 2001), although
there may be strain-specific differences (Gotoh, B., personal communi-
cation). The attenuated SeV with the F170S mutation in the C proteins
has shown a loss of IFN antagonism (see Sect. 3.4.1) and at the same
time has displayed increased apoptosis (or, more precisely, a reduced an-
tiapoptotic activity) in the airway epithelial cells of mice (Itoh et al.
1998). Now, strong perinuclear condensation and fragmentation of chro-
matins as well as strong CPE were manifested in Hep2 cells, which are
known to be highly susceptible to apoptosis inducers, after infection
with 4C(—) SeV, but no such apoptotic phenotype was appreciated for
the wild-type SeV (strain Z) in the same cells during the observation pe-
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riod up to 50-60 h (Koyama et al. 2003). That the C protein indeed en-
codes antiapoptosis function was confirmed by the observation that a
HeLa cell line expressing the C protein is more resistant to VSV-induced
apoptosis than normal Hela cells (unpublished data). IFN-stimulated
biochemical pathways affect cell growth and metabolism including ap-
optosis induction (Biron and Sen 2001). IFNs elicit an antiviral state in
uninfected cells, whereas they induce apoptosis in virus-infected cells
(Tanaka et al. 1998). SeV infection itself induced a certain degree of ap-
optosis in some cells such as human embryonic kidney 293 and human
Jurkat T cells, and this apoptosis was augmented by supplemental coex-
pression of IRF-3 (Heylbroeck et al. 2000). Thus there remain numerous
issues to be resolved. These include to what degree the phenomena of
IFN antagonism and apoptosis inhibition by SeV C proteins are related
and whether or not SeV C proteins target IRF-3 in apoptosis inhibition.
As IRF-3 is a key player not only in apoptosis induction but also IFN-a/
B induction, it also must be determined whether SeV C proteins can
block IFN production (see Sect. 6.2.2). In this context, it must be noted
that persistent infection with SeV rendered HeLa cells not only unre-
sponsive to IFN but also incapable of IFN production (Maeno et al.
1966). So far, however, SeV appears to have little effect on IRF-3 activa-
tion by phosphorylation and its nuclear translocation (Lin et al. 1998b;
Talon et al. 2000, also see Sect. 6.2.2) in contrast to the influenza A virus
NS1 protein capable of inhibiting IRF-3 activation (Talon et al. 2000).

4
Accessory Proteins of Another Respirovirus, hPIV3

The C knockout virus of hPIV3 was significantly attenuated both in tis-
sue culture and in rodents and primates (Durbin et al. 1999). The F164S
mutant (corresponding to F170S of SeV C) normally replicated in tissue
culture but was attenuated in hamsters and monkeys (Durbin et al.
1999). The attenuation was greater in the upper than the lower respirato-
ry tract. As noted above, the V ORF of hPIV3 is likely inactive because
of the presence of stop codons between the editing site and V-unique
cysteine-rich region (see Sect. 2.2). Interruption of the D and V ORFs in-
dividually by introducing stop codons into the respective ORFs did not
affect hPIV3 replication in vitro and in vivo, but interruption of both to-
gether attenuated replication in vivo (Durbin et al. 1999). Thus the V or
V-like protein may be expressed naturally by an unknown mechanism.
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hPIV3 editing at a secondary downstream site or ribosomal frame shift-
ing may occur, the latter being comparable to that used by MeV to ex-
press the R protein (see Sect. 2.2). It is important to define whether
those phenotypes of C, D, and V knockout hPIV3s are caused via alter-
ation of IFN signaling, because infection with hPIV3 renders cells unre-
sponsive to both IFN-¢ and IFN-y (Young et al. 2000).

5
Vand C proteins of the Morbillivirus and Henipavirus

Both the V(-) and C(—) mutants of Morbillivirus MeV strain Edmonston
that were engineered by reverse genetics (Radecke and Billeter 1996;
Schneider et al. 1997) showed significantly fewer and milder clinical
symptoms and a lower mortality in a model of MeV-induced disease of
the central nervous system in YAC-CD46 transgenic mice (Patterson et
al. 2000). The V(—) MeV showed delayed replication, allowing thymo-
cyte survival in human thymus/liver engrafted into SCID mice (SCID-hu
thy/liv) (Valsamakis et al. 1998) and grew to lower titers in the lung of
cotton rats (Tober et al. 1998). This latter study additionally used a mu-
tant engineered to overexpress the V protein (Schneider et al. 1999) and
provided evidence suggesting that V acts as a downregulator of MeV
gene expression in a human glioblastoma cell line. The C(—) MeV repli-
cated more slowly and reached lower titers, compared with the parental
virus, in human peripheral blood mononuclear cells (PBMC) (Escoffier
et al. 1999) and SCID-hu thy/liv (Valsamakis et al. 1998). Either V(-) or
C(—) grew well, like the parental virus in Vero cells (Radecke et al. 1996;
Schneider et al. 1997). This cell line is IFN nonproducing, whereas hu-
man PBMC as well as HeLa cell line are IFN competent. The V(-) and
wild-type viruses appear to be equally sensitive to type I IFN in Hela
cells and capable of producing IFN in human PBMC (data not shown in
Patterson et al. 2000). It remains to be defined whether MeV C protein
has the capacity to block IFN signaling and/or IFN induction and
whether the above-described phenotypes of C(—) in vivo, in primary cul-
tures, and in other cell lines are attributable to the loss of this putative
anti-IFN capacity of the C protein. More recently, MeV was found to
suppress IFN-o signaling, but not IFN-y signaling, probably via associa-
tion of the V and/or C proteins with the type I IFN receptor complex in
the human epithelioid carcinoma lines SiHa and CaSki (Yokota et al.
2003).
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Deletion of the V gene from RPV had little effect on tissue culture
replication and rather resulted in an increased genome and antigenome
replication and a change in cytopathic effect to a more syncytium-in-
ducing phenotype (Baron and Bannet 2000). In contrast, deleting C ex-
pression resulted in defective growth in all the cell lines tested, which
correlated with a decreased transcription. The V and C double-knockout
virus was further generated and displayed the sum of these positive and
negative phenotypes. RPV is the causative agent of an important disease
of cattle and wild bovids. The parent for all knockout viruses of RPV de-
scribed above is actually avirulent, and so it is likely that a major effect
of the V(—) mutation would not be fully evident in vivo, because any
change in in vivo phenotype potentially caused by the V deletion might
be masked by the preexisting attenuation of the virus (Baron and Bannet
2000).

Reverse genetics is not yet available for the Henipavirus. However, im-
portant information suggesting the roles of accessory proteins has been
obtained by conventional plasmid-based expression (Rodriguez et al.
2002). Specifically, NiV V protein was shown to inhibit cellular responses
to both type I and type II IFNs by forming HMWCs with both STAT1
and STAT2. Consequently, tyrosine phosphorylation of the STAT pro-
teins and their nuclear translocation were prevented in cells expressing
the NiV V protein. Park et al. reported that not only the V protein but
also the W protein (P/V commpom region) and C protein exhibited a
partial (C) or nearly complete (V and W) blocking of IFN signaling in
chicken fibroblasts and the primate Vero cell line (Park et al. 2003).

6
V Protein of the Rubulavirus and Avulavirus and the SV5 SH Protein

6.1
Replication Constraint Caused by V Deletion

For the Rubulavirus the V mRNA is the faithful transcript, whereas the
P mRNA is generated by +2G editing (see Sect. 2.2 and Fig. 1). Rescue of
a recombinant SV5 that would express only the P mRNA but not the V
mRNA has been unsuccessful despite many attempts, including the sup-
ply of the V protein in trans from a cotransfected expression plasmid
(Lin et al. 2000; He et al. 2002). Thus deletion of the C-terminal unique
domain was attempted to generate VAC recombinant viruses from the
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genus Rubulavirus. hPIV2 VAC was first rescued after introduction of a
stop codon immediately downstream of the editing site and was shown
to have critically impaired infectivity in cell cultures with highly anoma-
lous virion morphology (Kawano et al. 2001). The reduced infectivity
and replication capability could only be partially attributable to the V
protein function to inhibit IFN signaling (see Sect. 6.2.1) because neu-
tralization of the endogenously induced IFN by a specific antibody
added to the culture medium was only partially able to restore the repli-
cation capacity. More recently, SV5 VAC was generated by changing the
sixth and eighth codons downstream of the editing site to stop codons
(He et al. 2002). This mutant also grew poorly in IFN-producing cells
such as the BHK line but grew well in IFN-nonproducing Vero cells. In-
terestingly, however, the two stop codons introduced could not be stably
maintained during several passages even in Vero cells and were convert-
ed to sense codons, although not identical to the original ones, thus giv-
ing rise to a pseudo-wild type with a full-length V protein (He et al.
2002). This strongly suggests that deletion of the V-unique region is del-
eterious to SV5 replication and that there is a strong pressure to repair
the truncated V to a full-length V.

The Avulavirus NDV V mRNA is generated by +1G editing (Fig. 1).
The NDV mutants lacking either six of the eight nucleotides at the edit-
ing site or the V-unique C-terminal region were so strongly impaired in
replication capacity that they could not productively grow under routine
conditions in 9- to 10-day-old chicken embryoneated eggs (Mebatsion et
al. 2001). They produced as many as 5,000-fold fewer infectious progeny
in cell cultures or 200,000-fold fewer in 6-day-old eggs compared with
the parental wild type. However, the former mutant caused a two-amino
acid deletion from the P protein, and thus its phenotypes could not be
attributable solely to the lack of editing. Thus a second mutant was pre-
pared that contained a single nucleotide change introduced into the edit-
ing site. In this virus, editing was dramatically reduced (from ~30% to
~1%) but was not completely abolished, and the virus exhibited a 100-
fold reduction of infectivity in 10-day-old eggs (Mebatsion et al. 2001).
Thus the results obtained by NDV reverse genetics did not yet answer
whether the full-length V protein can be deleted without completely de-
stroying infectivity. After all, the requirement for the V protein appears
to be very strong for infectivity of the members of Rubulavirus and Avu-
lavirus and more marginal in importance for the Respirovirus and Mor-
billivirus. This difference may be related to the fact that the former V
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proteins are structural whereas the latter are nonstructural (see
Sect. 2.2).

The interactions of SV5 V protein with various cellular proteins,
including DDB1, xeroderma pigmentosum group E binding factor
(XPE-BF), and the hepatitis B virus X-associated protein 1 (XAP-1), have
been demonstrated (Lin et al. 1998). These interactions appear to be via
the C-terminal V-unique region or to require both the P/V common and
V-unique modules, because these interactions do not occur with the P
protein. Their biological significance, however, had remained largely un-
clear except that the interaction with DDB1 may slow progression of the
cell cycle with a delayed transition from the G, to the S phase and pro-
longed progression through the S phase (Lin et al. 2000) but now has be-
come greater because of the discovery of DDBI1 involvement in IFN an-
tagonism (see Sect. 6.2.1).

6.2
Impairment of the IFN system and Suppression of Apoptosis
by the Rubulavirus V Protein

Nearly four decades ago, Choppin (1964) reported that SV5 continued to
multiply in rhesus monkey kidney cells to high titers with minimal CPE
for periods up to 30 days. The SV5-infected cells supported the full
growth of a variety of superinfecting viruses including VSV that were
highly sensitive to IFN. The author’s notion that SV5 could inhibit both
the production and action of IFN (Choppin and Compans 1975) was
highly foresighted, as has recently been confirmed directly .

6.2.1
Inhibition of IFN Signaling Through Proteasome-Mediated Degradation
of STAT Proteins

In the Rubulavirus genus, which does not encode the C protein, it is the
V protein that blocks IFN signaling, and this blockade appears to involve
proteasome-mediated degradation of STATs. This was originally demon-
strated by plasmid-based V expression systems for SV5, which targets
STAT1 for degradation (Didcock et al. 1999a,b), and then for others, in-
cluding MuV and SV41 targeting STAT1 and hPIV2 targeting STAT2 (An-
drejeva et al. 2002a; Kubota et al. 2001; Nishio et al. 2001; Parisien et al.
2001; Young et al. 2000), and were confirmed in the context of viral rep-
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lication by the lack of such anti-IFN capacity for hPIV2 VAC and SV5
VAC (Kawano et al. 2001; He et al, 2002). More recently, the Avulavirus
NDV V joined the group of IFN antagonists (Park et al. 2003). Evidence
that STAT1 degradation by SV5 or MuV is mediated via the proteasome
was provided by demonstrating that the proteasome inhibitors MG132
and lactacystin blocked the degradation process (Didcock et al. 1999b;
Andrejeva et al. 2000b; Yokosawa et al. 2002). However, the effect of the
inhibitors on MuV- and SV41-induced STAT1 reduction did not always
appear to be very clear (Kubota et al. 2001; Nishio et al. 2001), suggest-
ing that degradation might be independent of the proteasome. Selective
degradation of STAT1 by SV5 requires STAT2 and that of STAT2 by
hPIV2 requires STAT1, but these occur independently of IFN-a/f signal-
ing (Pariesen et al. 2002b).

Detailed biochemical analyses have been made to understand the pro-
cess of IFN signaling block and STAT 1 degradation by SV5. The SV5 V
protein likely induces the formation of a large multiprotein complex in
which V, STAT1, STAT2, and DDBI are essential components, although
the complex has not yet been isolated and characterized. The presump-
tive complex formation then leads to selective degradation of STAT1 in
the proteasome. Evidence supporting the involvement of DDBI is as fol-
lows (Andrejeva et al. 2002a): (a) the V protein of an SV5 mutant
(CPI-), which fails to target STAT1 for degradation because of three
point mutations (tyrosine to histidine at position 26 and leucine to pro-
line at 50 and 102) in the P/V common region compared with CPI+ iso-
late capable of STAT1 degradation (Chatziandreou et al. 2002), does not
bind to DDB1; (b) alanine substitutions for the cysteine residues in the
V-unique region as well as deletions from both the N and C termini of V,
which abolish the binding of V to DDBI, always prevent V from block-
ing IFN signaling; and (c) treatment of HeLa cells constitutively express-
ing the SV5 V protein with short interfering (si) RNAs specific for DDB1
reduces DDBI1 levels and concomitantly increases STAT1 levels with a
restoration of IFN signaling. DDBI is known to bind to various viral and
cellular components including cullin 4A, which, as part of ubiquitin E3
ligases, plays an essential role in targeting proteins for degradation (re-
viewed in Pickart 2001). It has been hypothesized that the complex
formed then binds, via DDBI, to a ubiquitin E3 ligase complex, resulting
in STAT1 ubiquitination and degradation (Andrejeva et al. 2002a). Be-
cause the hPIV2 V protein also binds to DDB1 (Lin et al. 1998), SV5 and
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hPIV2 may share the same DDB1-dependent STATs degradation mecha-
nism.

Direct evidence for polyubiquitination of STAT1 and STAT2 by the V
proteins of SV5 and hPIV2, respectively, in transfected cells was provid-
ed by Ulane and Horvath (2003). Furthermore, the authors demonstra-
ted that both of the V proteins possess intrinsic ubiquitin ligase activity
that defines their function as E3 enzymes and that the V-interaction
partners include STAT1, STAT2, DDBI, and cullin 4A. It was also shown
that interference with not only DDBI1 but also cullin 4A by the specific si
RNAs reduced the efficiency of STAT1 targeting by SV5 infection (Ulane
and Horvath 2003).

The above studies on the SV5 V and DDBI interaction using various
V mutants suggested the importance of both the P/V common and V-
unique regions for the interaction. Thus the inability of hPIV2 VAC to
block IFN signaling (Kawano et al. 2001) could be due to the failure of
this V mutant to bind to DDB1. The selectivity of degradation (either
STAT1 or STAT2 depending on the virus) appears to determine the selec-
tivity of inhibition (either both type I and type II IEN signaling or only
the type I IFN signaling depending on the virus). Then, how the selectiv-
ity of degradation is determined remains to be elucidated.

The MuV V protein also binds to DDBI1 (Lin et al. 1998). The V-un-
ique region alone of MuV was sufficient to abolish the ISG expression
and antiviral state induced by IFN-a and IFN-y (Kubota et al. 2001). If
MuV shares the same anti-IFN mechanism with SV5, its V-unique C-ter-
minal half is sufficient for interacting with DDB1. Alternatively, MuV
may use an as yet unknown strategy for exhibiting IFN antagonism. In-
deed, a more recent study has dissected a novel aspect in IFN signaling
block by MuV V protein. The study employed two-hybrid screening us-
ing the V-unique region as a bait and other conventional biochemical
methods and revealed that the MuV V protein has a strong affinity to
RACKI1 (Kubota et al. 2002). RACKI1 is a 36-kDa protein, acts as an
adaptor to mediate the interaction between the human IFN-a/f receptor
and STAT1, and thus is essential for recruitment of STAT1 in preparation
for its activation on IFN treatment (Crooze et al. 2000; Mochly-Rosen et
al. 1991; Ron et al. 1994; Usacheva et al. 2001). The affinity of the MuV V
protein to RACK1 was stronger than that of STAT1. Thus the association
of RACK1 and STAT1 as well as that of IFN-«a receptor B-subunit (IFN-
aRp) and RACKI was greatly disturbed by the MuV V protein at least in
vitro (Kubota et al. 2002). These results suggest that the MuV V protein
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inhibits IFN-a/f receptor-RACK1-STAT1 interaction and thereby inter-
rupts IFN signaling at the very upstream of the pathway. It is not clear
how close or how far this presumable inhibition mechanism and STAT1
degradation are related to each other. In MuV-infected or V plasmid-
transfected cells, the V protein level would be sufficiently high to play a
dual role, disruption of STAT1-RACK1-IFN receptor interaction and tar-
geting STAT1 for proteasome-mediated degradation. Although it may
not be an essential prerequisite for the degradation, polyubiquitination
was clearly shown for STAT1 in cells expressing the MuV V protein
(Yokosawa et al. 2002).

An additional remarkable issue regarding IFN antagonism by
rubulaviruses is that the SV5 V protein causes degradation of STAT1 in
human cells but not in murine cells. This species specificity is deter-
mined by a single amino acid difference (asparagine or aspartic acid) at
position 100 in the P/V common region (Young et al. 2001). STAT2 has
been proven to be the host determinant for this species specificity (Par-
ieson et al. 2002a).

6.2.2
Inhibition of IFN Production and Suppression of Apoptosis

SV5 VAC not only failed to cause STAT1 degradation and block IFN sig-
naling but also induced a large amount of IFN-f in HeLa cells (He et al.
2002). The amount of IFN-f induced by SV5 VAC reached as high as
over 700 pg/ml under conditions in which the wild-type SV5 induced
hardly any detectable IFN-f; the actual level of IFN-f induced by the
wild type was less than 1% of that induced by VAC, or in other words,
inhibition by the wild type of IFN-J production was greater than 99%.
In addition, VAC infection was highly apoptotic, whereas the wild type
induced little apoptosis (He et al. 2002). Thus the V-unique C terminal
region or the entire V was suggested to encode strong anti-IFN-inducing
capacity and antiapoptosis capacity.

Induction of IFN-f by viral infection as well as by dsRNA such as poly
IC involves the activation of certain transcription factors. Of these,
NF-«B and members of the IRF family, such as IRF-3, are thought to be
particularly important (reviewed in Taniguchi et al. 2001). Studies using
reporter assays with deletions of the respective sequences targeted by
the transcription factors demonstrated activation of NF-«xB and IRF-3 by
SV5 VAC but not by the wild-type SV5 (Poole et al. 2002). That the
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SV5V protein has a specific function that directly blocks IFN-j produc-
tion was confirmed by inhibited induction of IFN-j promoter on poly
IC treatment of cells transiently expressing the SV5 V protein (Poole
et al. 2002). On viral infection or exposure to poly IC the cytoplasmic
IRF-3 is phosphorylated, dimerized, and translocated to the nucleus to
act as the transcriptional activator for IRF genes. This nuclear transloca-
tion was prevented by wild-type SV5 infection or transient V expression
but not by SV5 VAC infection or by expression of the P protein, which
shares the N-terminal 162 residues with the V protein. All these findings
could be related to the observed lack of antiapoptosis capacity of SV5
VAC (He et al 2002).

Deletion of the N-terminal 125 residues from the SV5 V protein had
no effect on inhibition of IFN production, whereas the C-terminal 48 re-
sidues are required for inhibition. CPI- had no effect on inhibition of
IFN production, either (Poole et al. 2002). In addition, the level required
for 50% inhibition of IFN production appears to be as much as two or-
ders of magnitude higher, on the basis of transfected amounts of V-ex-
pressing plasmid, than that necessary for IFN signaling block to abro-
gate the antiviral state. Thus the inhibition of IFN signaling and the inhi-
bition of IFN production are mechanistically distinct from each other.

Targeting of STAT1 for degradation by the SV5 V protein is species-
specific, as described above, the mouse STAT1 being resistant. Thus
mice homologous for a targeted disruption of STAT1 (STAT ") served as
an animal model for SV5 pathogenicity studies (He et al. 2002a). SV5
VAC was found to be attenuated in this model, consistent with the no-
tion of clearance of apoptotic cells in vivo (He et al. 2002).

Remarkably, the V proteins of not only hPIV2 V but also SeV ex-
pressed from the respective plasmids were able to inhibit IFN-3 promot-
er activation by poly IC to essentially the same extent as seen in SV5 V
protein expression (Poole et al. 2002). This may be related to the earlier
observation that persistent SeV infection rendered the cells incapable of
IFN production (Maeno et al. 1966). However, when the wild-type SeV
and V(=) or VAC SeV were compared for IFN-inducing capacity in
mouse L cells and mouse lung, the wild type did produce IFN in
amounts clearly detectable as anti VSV state induction to the levels only
about threefold lower than those reached by either mutant (Kiyotani et
al., unpublished data). This is in contrast with the virtually all (by VAC)
or none (less than 1% by the wild type) IFN production in SV5 infection
(see above). These results suggest the existence of additional factors en-
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coded by the SV5 V protein but not SeV V protein, which limits IFN in-
duction, when expressed in the context of whole virus infection or that
generation of much greater amounts of intracellular IFN inducers occurs
during the course of SV5 VAC infection than in SeV V(-) or VAC infec-
tion. In addition, activation and nuclear translocation of IRF-3 appeared
to occur normally in SeV-infected cells (Lin et al. 1998) or were not in-
hibited under conditions in which activation was blocked by the influen-
za A virus NS1 protein (Talon et al. 2000) (see Sect. 3.4.4).

6.3
SV5 SH Protein

An SH-deleted SV5 (SV5ASH) was generated by reverse genetics and
found to be very similar to the parental virus in all aspects tested in tis-
sue culture cells, including growth rate, infectivity, and plaque size as
well as virion morphology (He et al. 1998). In MDBK cells, SV5 contin-
ues reproduction for long periods up to 40 days without causing strong
CPE. This remarkable feature of SV5 was explained by the antiapoptotic
function of the SH protein for this particular cell line (He et al. 2001).
SV5ASH appeared to induce cell death by activating TNF-a expression
(Lin et al. 2003). SV5ASH caused less mortality than the wild type in
STAT17'~ mice, again consistent with the notion of clearance of apoptot-
ic cells in vivo. Thus two antiapoptotic proteins, V and SH, have been
identified for SV5. It is slightly puzzling that deletion of only one of
these caused such remarkable in vitro and in vivo phenotypes (also see
Sect. 6.2.2). They may target different cell species (He et al. 2001, 2002)
or may not be individually fully competent yet and possibly act in con-
cert both in vitro and in vivo.

7
Specific Roles of the NS1, NS2, SH, M2-1, and M2-2 Proteins
of the Pneumovirus and Their Cooperation

The attempt to delete the M2-1 gene from pneumoviruses has been un-
successful, and thus it has not been established whether M2-1 represents
an essential or nonessential gene product. The other putative accessory
genes encoding NS1, NS2, SH, and M2-2 proteins can be deleted individ-
ually from hRSV and/or bRSV without destroying infectivity, generating
ANSI, ANS2, ASH, and AM2-2 viruses, respectively (Bukreyev et al.
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1997; Whitehead et al. 1999; Buchholz et al. 1999; Teng and Collins 1999;
Jin 2000a,b; Schlender et al. 2000). Of these deletion mutants, ASH ap-
peared to be least attenuated in HEp2 cells, whereas the greatest attenua-
tion was found for AM2-2 (Jin et al. 2000b). ANS1 and ANS2 were in be-
tween. M2-2 is thought to act as a regulator during RNA synthesis, pos-
sibly by mediating the switch from transcription to genome replication
to facilitate virus morphogenesis (Bermingham and Collins, 1999). In-
deed, AM2-2 exhibited severely reduced levels of viral genomic and
antigenomic RNAs (Jin et al. 2000a).

It was possible to delete simultaneously two and sometimes three
genes from hRSV, generating ANS1/NS2, AM2-2/NS2, AM2-2/SH, ASH/
NS1, ASH/NS2 and ASH/NS1/NS2 (Jin et al. 2000b). AM2-2/NS2 was still
more attenuated than AM2-2, and AM2-2/NS1 could not be rescued so
far, again suggesting greater contribution of M2-2 to the viral life cycle,
compared with SH, NS1, or NS2. The varying degrees of tissue-culture
replication were not seen as clearly in an IFN-incompetent Vero cell line
as in IFN-competent human HEp-2 line. Indeed, bRSV NSI1 and NS2
were found to cooperatively antagonize IFN-a/B-induced antiviral re-
sponse (Schlender et al. 2000). The hRSV NS1 and NS2 could only par-
tially substitute for the bRSV counterparts, as a chimeric bRSV with NS
genes from hRSV was attenuated in IFN-competent bovine cells. Yet it
was much less attenuated than the NS1/NS2 double-deletion mutant
(Bossert and Conzelmann 2002). Thus the Pneumovirus NS1 and NS2
proteins appear to represent major determinants of viral host range. The
impaired replication of the various hRSV deletion mutants in HEp-2
cells further suggests an antiapoptotic role for one or more of the RSV
accessory proteins because of high sensitivity of this cell line to apopto-
sis inducers.

hRSV targets the lower respiratory tract to produce pneumonia in hu-
mans. ASH is not attenuated in the upper respiratory tract but is moder-
ately attenuated in the lower respiratory tract of chimpanzees, a host
that is permissive to hRSV infection (Whitehead et al. 1999). All other
deletion mutants described above exhibited varying degrees of attenua-
tion in the lower respiratory tract of cotton rats (Jin et al. 2000b). In this
latter study, ASH/NS1/NS2 was clearly more attenuated than ASH or
ANS1/NS2 and attenuation in vivo did not always correlate with attenua-
tion in HEp-2 cells. The requirement for M2-2 was stronger than the
other three both in vivo and in vitro.
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The individual accessory proteins of pneumoviruses thus appear to
contribute specifically and additively to the viral life cycle and pathogen-
esis.

8
Conclusions and Perspectives

Nucleotide sequencing of the entire genomes of the Paramyxoviridae
was completed in the 1980s for many classic members. One of the im-
portant issues revealed by sequencing was identification of ORFs encod-
ing putative accessory proteins. These were found to be conserved in
newly emergent agents. The establishment of plasmid-based reverse ge-
netics was given the highest priority in the postsequencing era and has
been achieved for most but not all prototypic paramyxoviruses. As illus-
trated here by SeV and several other members, the technology has been
applied successfully not only to define unequivocally that most of the
putative accessory genes are indeed accessory and can be deleted with-
out destroying infectivity, but also to demonstrate their strong require-
ment for the overall viral fitness both in vitro and in vivo.

The failure to delete the V protein from Rubulavirus and Avulavirus,
or the M2-1 protein from Pneumovirus presumes but does not verify
that these proteins are indispensable because the rescue efficiency might
not be high enough to recover a critically impaired but still viable prog-
eny. In addition, several important pathogens such as henipaviruses and
metapneumoviruses await the development of reverse genetics technolo-
gy. Under these situations, conventional plasmid-based expression has
dissected many novel aspects regarding the roles of paramyxovirus ac-
cessory genes, as best exemplified by the SV5 V protein. Reverse genet-
ics and plasmid-based expression thus are highly complementary with
each other.

Thus far, individual paramyxoviruses appear to have acquired in com-
mon an accessory gene that encodes the capacity to block IFN signaling
that induces an antiviral state. At least some of the accessory genes were
further demonstrated to encode the capacity to block IFN production.
These results suggest that of the various aspects of innate and adaptive
immunity generally important for host defense against viral infections,
antiviral IFN action is of prime importance as the front line to halt virus
spread from the site of virus entry and that paramyxovirus evolution
would have given the highest priority to the acquisition of the capacity
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to evade the IFN system. The notion that the induction of apoptosis by a
virus is another limiting factor for the virus spreading in vivo was
strongly supported by the demonstration of antiapoptosis function for
various paramyxovirus accessory genes. The paramyxovirus accessory
genes are now regarded as useful tools to study the cellular metabolism
and signaling as well as host defense in vivo.

Apparently the same or similar functions, such as IFN antagonism or
antiapoptosis activity, are encoded by the C protein in Respirovirus SeV
and by the V protein in Rubulavirus SV5. On the other hand, Heni-
pavirus NiV appears to encode anti-IFN capacity in both the V and C
proteins (Park et al. 2003) and a similar possibility remains for Morbil-
livirus MeV (Yokota et al. 2003) (see Sect. 5). These differences in coding
strategy of “accessory” functions may be related to the fact that Heni-
pavirus and Morbillivirus are phylogenetically close to each other and
map between the Respirovirus and Rubulavirus (Lamb and Kolakofsky
2001). That the W protein (P/V common region) of NiV was as active as
the full-length V in counteracting antiviral action of IFN is surprising
(Park et al. 2003) because the V-unique region is not always sufficient
but essential to carry out this function in all rubulaviruses so far tested
and NDV (see Sect. 6.2.1). This may be related to the facts that para-
myxovirus P/V common (W) regions are extremely variable and, in ad-
dition, that those of henipaviruses are unusually long (Table 1), and it
raises the possibility that even the P protein can block IFN response in
henipaviruses. The Filovirus Ebola virus P protein (VP35) is itself suffi-
cient to inhibit IFN production (Basler et al. 2000). The ancestral P gene
of Mononegavirales would have been given considerable options in the
process of acquiring IFN antagonism; encoding it in the P OREF itself, in
the alternative V or C ORE or in both.

To address gene functions by reverse genetics in the context of in vivo
pathogenesis, the origin of the viral genome incorporated into the plas-
mid must be taken into consideration. For instance, the wild-type SeV
genome backbone used here was derived from a laboratory strain, which
was attenuated significantly for mice because of numerous rounds of
passage in an unnatural host, the chick embryo (Kiyotani et al. 2001).
The findings generated by its reverse genetics are of considerable rele-
vance because the virus still retains remarkable pathogenicity for mice
but may not directly be applicable to natural SeV disease. MeV isolates
into marmoset B cell lines such as B95a reproduce human measles in
monkeys, whereas the prototypic strain Edmonston or the isolates into
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Vero cells and Vero cell-adapted strains fail to do so (Kobune et al.
1990). Thus it is the former but not the latter that represents naturally
circulating MeV (reviewed in Nagai 1999 and Yanagi et al. 2002). Fur-
thermore, differences in receptor usage have been demonstrated be-
tween the B95 isolates and the Edmonston strain (Tatsuo et al. 2000).
Additional genetic and biological data have discriminated between the
B95a isolates and their Vero cell-adapted forms or the Edmonston strain
itself, part of which appeared to be relevant to accessory genes (Takeda
et al. 1998, 1999). Nevertheless, reverse genetics studies have been limit-
ed to those based on the Edmonston strain. Many other paramyxovirus-
es, including RPV and CDV, for whose isolation the use of B95a cells is
also recommended (Kobune et al. 1991; Kai et al. 1993), may be in a sim-
ilar situation in that their cDNAs for virus rescue have originated from
something other than field strains. An avian/chicken pathogen, NDV,
may be an exception because it has been maintained in the same species
(chick embryo). Indeed, the in vitro correlate of in vivo pathogenicity
(Nagai et al. 1976; reviewed in Nagai 1993) was verified to be a real
pathogenicity determinant by reverse genetics (Peeters et al. 1999). Simi-
larly, hRSV does not appear to have become attenuated by passage in
vitro and the wild-type hRSV recovered from ¢DNA is virulent in chim-
panzees. In view of these considerations the establishment of reverse ge-
netics in the genome backbones of an SeV wild-strain highly virulent for
mice (Fujii et al. 2002) and an MeV B95 isolate capable of reproducing
measles in monkeys (Takeda 2000) will be of considerable value.
However, an additional complexity exists for SeV. We have encoun-
tered SeV-induced pneumonia only for mice in animal experimental fa-
cilities but not in nature. It is not known whether some natural reser-
voirs existed that transmitted SeV to laboratory mice or the mice had
been chronically infected with SeV before their introduction to laborato-
ries. The latter possibility has been suggested; even such an apparently
marginal stress as dropping several tens of microliters of normal allanto-
ic fluid of chick embryo (and perhaps even saline) into the nose could
have activated the persistently infecting SeV to spread in the lung to
cause fatal pneumonia (Nishikawa 1997). If so, it is not always easy for
us to define what “SeV field isolates™ actually are nor to assess the feasi-
bility of using an acute infection protocol of young mice with either a
laboratory strain or a fresh isolate. Indeed, the great contribution of the
V protein to pathogenesis in such young mice (see Sect. 3.3.1) was not
seen (or was masked) in an infection model using the recombinant
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viruses engineered in the backbone that had been derived from a highly
virulent field isolate (Sakaguchi et al. 2003). The roles of SeV accessory
genes thus should be clarified in relation to a broader scenario including
the maintenance of the virus in nature and the mechanisms of persistent
infection and its activation.

Reverse genetics of paramyxoviruses and other negative-strand RNA
viruses has opened the possibility of using these viruses as a novel class
of expression vectors for the delivery and expression of therapeutic
genes and vaccine antigen genes (reviewed in the chapter by von
Messling and Cattaneo, this volume; also see Yonemitsu et al. 2000 for
SeV). Introduction of predetermined attenuating mutations into the
wild-type strain is a straightforward approach to designing a live attenu-
ated vaccine. In this context, paramyxovirus accessory genes represent
promising targets for mutation because their deletion often resulted in
attenuation in vivo without significantly impairing the ability of the
viruses to replicate in vitro, which is critical for vaccine production.
Moreover, deletion of some accessory genes such as the SeV V protein
resulted in augmented expression of a foreign gene inserted into the vi-
rus (Yu et al 1997) and thus is advantageous for production of the for-
eign gene product in greater amounts in vitro and in vivo. Studies on the
accessory genes, therefore, are also of importance from a technological
point of view.
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Abstract Interferons are cytokines secreted in response to viral infec-
tions with potent antiviral activity, and they represent a critical compo-
nent of the innate immune response against viruses. It has now become
apparent that many viruses have evolved different mechanisms to coun-
teract the interferon response, allowing their efficient replication and
propagation in their hosts. This review discusses how the development
of reverse genetics techniques and the increase in our knowledge of the
interferon response have led to the discovery of interferon-antagonistic
functions of different genes of viruses belonging to the negative-strand
RNA virus group. In many cases, these viral genes encode accessory pro-
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teins that are not required for viral infectivity but are critical for optimal
replication and for virulence in the host.

1
The Interferon System

All viruses must overcome host defense mechanisms to successfully
replicate and propagate in their hosts. Among the host innate immune
mechanisms involved in antimicrobial defense, the interferon (IFN) sys-
tem constitutes a powerful antiviral response dedicated to fighting viral
infections. IFNs were first identified as cell-secreted substances that in-
terfere with viral replication (Isaacs and Lindenmann 1957). Type I IFNs
or IFN-a/fs are a family of cytokines whose synthesis and secretion is
in general triggered in response to intracellular viral replication by most
cell types. By contrast, type II IFN or IFN-y is secreted by NK and T cells
in response to IL-12 and other immune stimulatory signals (Sen and
Ransohoff 1993). All members of the IFN-a/f family share the same re-
ceptor, IFNAR, composed of two subunits, IFNAR1 and IFNAR2c. Bind-
ing of IFN-a/f to the IFNAR results in activation of two tyrosine kinas-
es, Jakl and Tyk2, that are associated with the receptor cytoplasmic tails.
This leads to tyrosine phosphorylation, heterodimerization, and activa-
tion of the latent STAT1 and STAT?2 transcription factors, which now as-
sociate with IRF-9 and translocate to the nucleus. This trimeric complex,
also known as ISGF3, binds to specific DNA sequences, or ISREs, present
in the promoter of IFN-a/f-stimulated genes, promoting their transcrip-
tion. IFN-y signaling involves a different receptor and leads to the Jakl-
and Jak2-mediated activation and dimerization of STAT1. STATI1 ho-
modimers, also known as GAF, bind to GAS elements in the DNA and
activate transcription of IFN-p-inducible genes. Although the primary
functions of IFN-a/f8 and IFN-y appear to be the induction of a cellular
antiviral state and the activation of immune cells and of antibody iso-
type switching, respectively, both cytokines have roles in innate and
adaptive antiviral immune responses (Biron and Sen 2001; Levy and
Garcia-Sastre 2001; Stark et al. 1998). Interestingly, a new family of IFNs,
IFN-2A, was recently discovered. Like IFN-a/fs, the IFN-As (IL-28A,
IL-28B, and IL-29) are secreted in response to viral infection and activate
the formation of the ISGF3 transcription factor. However, the IFN-1s use
a different receptor, composed of two subunits, CFR2-12 (now IFN-AR1
or IL-28Ra) and IL-10R2. Although the biological significance of these
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new IFNs is still unknown, they may represent an IFNAR-independent,
ISGF3-dependent host defense antiviral mechanism (Kotenko et al. 2003;
Sheppard et al. 2003).

The antiviral action of IFNs is mediated by the transcriptional activa-
tion of the IFN-inducible genes. Although more than 100 genes are in-
duced by IFN-a/f (Der et al. 1998), most studies on IFN action have
been focused on the antiviral activity of three IFN-inducible genes, the
Mx, PKR, and OAS genes. Mx proteins are IFN-inducible GTPases of the
dynamin superfamily. Expression of human MxA confers resistance
against replication of different viruses, including several families of neg-
ative-strand RNA viruses, such as orthomyxoviruses, paramyxoviruses,
rhabdoviruses, and bunyaviruses. MxA interferes with the intracellular
trafficking of viral nucleocapsids, at least during orthomyxovirus and
bunyavirus infections (Haller and Kochs 2002). The double-stranded
RNA (dsRNA)-activated protein kinase PKR is an extensively studied
serine/threonine kinase with antiviral activity (Williams 1999). PKR ac-
tivity is regulated not only at the transcriptional level by IFN-a/f but
also by direct activation through binding to dsRNA or to specific protein
activators such as PACT (Patel and Sen 1998). Activated PKR phospho-
rylates different substrates, including the translation factor eIF-2¢. Phos-
phorylation of eIF-2¢ results in inhibition of protein translation. There-
fore, PKR activation in virus-infected cells results in a translational
block of viral replication. The OAS enzymes are 2',5'-oligoadenylate syn-
thetases that, like PKR, are transcriptionally induced by IFN-a/f and en-
zymatically activated by dsRNA. Synthesized 2’,5-oligoadenylates are
coactivators of RNaseL, an enzyme that degrades viral and cellular RNA,
stopping viral replication. In addition, e[F-2a- and RNaseL-independent
antiviral pathways have been proposed for both PKR and OAS. More-
over, it is clear that in addition to Mx, PKR, and OAS, other IFN-induc-
ible genes participate in the inhibition of viral replication (Samuel
2001).

Inhibition of viral replication by the IFN-a/f system of the host re-
quires the molecular recognition of ongoing viral infection followed by
secretion of IFN-a/f. Among the IFN-a/fs, the transcriptional regula-
tion of IFN-B has been more extensively studied. Induction of IFN-f
synthesis by viruses is mediated by the activation of three transcription
factors, IRF-3 (and/or IRF-7), NF-kB, and AP-1 (Wathelet et al. 1998).
Because dsRNA closely recapitulates the induction of IFN-J secretion by
viruses, it is assumed that viral dsRNA structures generated as byprod-
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ucts of viral RNA replication or transcription trigger IFN-J synthesis in
infected cells. Recognition of viral dsRNA by the cell results not only in
IFN production but also in activation of the PKR and OAS IFN-inducible
enzymes (see above). However, other viral products encoded by nega-
tive-strand RNA viruses, such as viral nucleocapsids (tenOever et al.
2002) and viral glycoproteins (Zeng et al. 2002a,b) have also been found
to induce activation of transcription factors involved in IFN-j synthesis.
In addition, it was recently found that extracellular activation of several
members of the Toll-like receptor family can induce type I IFN secretion
(for a recent review see Akira and Hemmi 2003). Interestingly, binding
of dsRNA to TLR3 results in IFN-§ secretion (Oshiumi et al. 2003). It is
also intriguing that TLR4 interactions with the F protein of respiratory
syncytial virus (RSV) appear to be important for innate immunity
against RSV (Kurt-Jones et al. 2000), because it has also been found that
activation of TLR4 induces IFN-f synthesis (Toshchakov et al. 2002). Al-
though most cells can respond to viral infection by synthesizing IFN-a/
B, it has become apparent that plasmacytoid cells are the major source
of type I IFN in the host (Cella et al. 1999; Siegal et al. 1999). The viral-
host interaction responsible for the induction of the IFN response is
then a complex and interesting field of research involving many regula-
tory mechanisms and cell type specificities.

Because host cells have the ability to quickly respond to viral infec-
tions by secreting IFN, which in turn induces an elaborate and powerful
antiviral response involving many cellular antiviral genes, efficient viral
replication and propagation necessitate viral countermeasures to attenu-
ate the host IFN response (for a recent review see Katze et al. 2002).
However, it was not until 1998 that the existence of a viral product re-
quired for antagonizing the host IFN response, the nonstructural protein
1 (NS1) of influenza A virus, was demonstrated in a negative-strand
RNA virus (Garcia-Sastre et al. 1998). The combination of molecular
techniques to study the ability of viral products to inhibit the IFN sys-
tem with reverse genetics tools to investigate the functional role of such
products in the context of virus infections has now resulted in the iden-
tification and characterization of viral IFN antagonists among most of
the negative-strand RNA viruses. This article reviews the recent findings
in this field as well as the potential practical applications of mutant neg-
ative-strand RNA viruses with impaired ability to evade the IFN re-
sponse.
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2
Viral Interferon Antagonists Encoded by Negative-Strand RNA Viruses

2.1
The NS1 Protein of Influenza Virus

In 1957 Isaacs and Lindenmann first described IFN as a substance pro-
duced after incubation of heat-inactivated influenza A viruses with
chicken chorioallantoic membranes (Isaacs and Lindenmann 1957). In-
terestingly, the ability of influenza A virus to induce efficient IFN secre-
tion was dependent on partial heat inactivation of the virus (56°C for
1 h), because neither live influenza viruses nor virus preparations that
were exposed to further inactivation were good inducers of IFN (Isaacs
and Burke 1958). These results suggest that IFN induction by influenza
viruses depends on viral infection but is inhibited by a viral product
whose expression is attenuated by heat inactivation of the virus. With
reverse genetics techniques, this viral product was found to be the NS1
of the virus (Garcia-Sastre et al. 1998) (Fig. 1). Growth of a mutant NS1
knock-out influenza A (delNS1) virus was impaired in conventional sub-
strates, such as MDCK cells and 10-day-old embryonated eggs. Remark-
ably, deINS1 virus regained replication and pathogenicity in STAT1™/~
mice, lacking a transactivator required for IFN signaling (Garcia-Sastre
et al. 1998). These results suggest that the NS1 functions as an inhibitor
of the host IFN antiviral response, facilitating viral replication in IFN-
competent substrates and hosts. The IFN antagonist function of the NS1
of influenza A virus was further supported by findings demonstrating
that deINS1 virus infection efficiently induces the activation of tran-
scription factors involved in IFN-J synthesis, IRF-3, IRF-7, NF-xB and
AP-1, as well as production of IFN-a/f. By contrast, wild-type influenza
Avirus is a poor inducer of these factors and of IFN-a/f synthesis com-
pared with deINS1 virus (Ludwig et al. 2002; Smith et al. 2001; Talon et
al. 2000; Wang et al. 2000). Expression of NS1 by plasmid transfection
demonstrated that this viral protein can inhibit IFN production in re-
sponse to dsRNA in the absence of other viral factors (Talon et al. 2000;
Wang et al. 2000). In addition, the ability of influenza viruses to effi-
ciently overcome the IFN response has been correlated with higher levels
of NS1 expression (Sekellick et al. 2000).

The NS1 protein of influenza A virus is a protein 202-238 amino acids
in length. Naturally occurring mutations in the NS1 gene resulting in in-



254 A. Garcia-Sastre

Fig. 1 Inhibition of the type I IFN response by the NS1 protein of influenza A virus.
For clarity purposes, not all of the critical components of the IFN response are
shown. On viral infection, the eight viral RNA segments are transported to the nucle-
us. Viral dsRNA generated by transcription, as well as some other uncharacterized
viral products, might trigger the activation of ATF-2/c-Jun, IRF, and NF-xB tran-
scription factors, resulting in the production of IFN. Secreted IFN interacts with its
receptor, IFNAR, leading to the activation of the Jakl and Tyk2 kinases and to the
tyrosine phosphorylation of STAT1 and STAT2, which dimerize, recruit IRF-9, and
activate transcription of genes containing ISRE promoters. This results in synthesis
of antiviral proteins, including the translational inhibitor PKR. To counteract this
antiviral defense, influenza A virus encodes a viral IFN antagonist, the NS1 protein,
that prevents the activation of transcription factors involved in the stimulation of
IFN production, as well as the activation of the antiviral protein PKR induced by
IEN

fluenza A virus strains with shorter NS1 proteins are also described
(Norton et al. 1987). This protein is known to bind different species of
RNA, including dsRNA (Hatada and Fukuda 1992). Binding to dsRNA is
mediated by the first 73 amino acids and requires protein dimerization
(Nemeroff et al. 1995; Qian et al. 1995). Overexpression of the amino-ter-
minal, RNA binding domain of the NS1 was sufficient to inhibit the
stimulation of IFN synthesis. By contrast, a mutant NS1 protein defective
in its ability to bind dsRNA was impaired in its ability to inhibit IFN
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production (Wang et al. 2000). Nevertheless, deletion of the carboxy-ter-
minal region of the NS1 leads to recombinant influenza viruses with vir-
ulence phenotypes and IFN-inducing properties in between wild-type
and deINS1 viruses. The levels of attenuation of these NS1-truncated
viruses correlated with the length of the truncation (Egorov et al. 1998;
Talon et al. 2000). Strikingly, the pathogenicity in mice of recombinant
influenza viruses expressing carboxy-terminally truncated NS1 proteins
is restored to levels close to wild-type viruses when a dimerization do-
main is fused to the amino-terminal domain of the NSI (Wang et al.
2002). These results suggest that the carboxy-terminal region of the NS1
protein has a structural (dimerization promoting) role in NS1 function.
This region might also unspecifically contribute to the inhibition of the
IFN response by attenuating cellular mRNA polyadenylation (Noah et al.
2003).

The NS1 of influenza A virus inhibits the IFN system not only at the
level of IEN synthesis but also at the level of IFN action. Because synthe-
sis of IFN is most likely not completely prevented during influenza virus
infection, the ability of the NSI to counteract the antiviral action of IFN
should also result in increased viral replication in the host. Specifically,
it has been shown that the NS1 protein inhibits dsRNA-mediated activa-
tion of the IFN-inducible enzyme PKR in vitro (Lu et al. 1995). In fact,
infection of cells with NS1 ts mutant influenza viruses at the nonpermis-
sive temperature results in uncontrolled activation of PKR (Hatada et al.
1999). Similar observations were made in cells infected with deINS1 vi-
rus (Bergmann et al. 2000). The ability of the NS1 protein to counteract
the action of PKR most likely accounts for the nonspecific translational
enhancing properties of the NS1 (Salvatore et al. 2002). The importance
of PKR in the antiviral action of IFN is underscored by the finding that
deINS1 virus is pathogenic not only in STAT1~~ mice but also in PKR™/~
mice (Bergmann et al. 2000). However, because most laboratory strains
of mice lack Mx, the individual contributions of PKR and Mx in inhibit-
ing replication of an influenza virus lacking the NS1 protein are unclear
at this moment. The critical role that PKR plays in the antiviral IFN-me-
diated response is evidenced by the presence of viral encoded PKR in-
hibitors in several virus families, including RNA and DNA viruses (Gale
and Katze 1998). It is also interesting that influenza viruses have evolved
a second mechanism of PKR inhibition that is mediated by the activa-
tion of a cellular inhibitor of PKR, the p58IPK protein (Lee et al. 1990,
1992).
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The mechanism of action responsible for the IFN-antagonistic proper-
ties of the NS1 protein is still not completely understood. dsRNA pro-
duced during viral infection is believed to stimulate IFN production and
PKR activation. Because the IFN antagonist properties of the NS1 corre-
late with its dsRNA binding activity, it is attractive to speculate that
binding of NS1 to dsRNA prevents the activation of these pathways. In
this respect, the NS1 protein will be functionally closely related to the
E3L protein of vaccinia virus, which also binds dsRNA and inhibits IFN
synthesis and PKR activation. However, recent evidence indicating that
NS1 function is host specific (see Sect. 3) may indicate the existence of
direct protein-protein interactions between the NS1 protein and one or
more cellular key components of the IFN response. For instance, a direct
interaction between NS1 and PKR has been postulated (Tan and Katze
1998). It might be possible that NS1 interactions with cellular proteins
involved in IFN synthesis are cooperatively enhanced by dsRNA binding.
The identification of such cellular proteins will provide an invaluable aid
in elucidating the molecular mechanism of NS1 function.

Most of the studies on NS1 function have been performed in influenza
A virus. Despite major sequence differences between influenza A, B, and
C viruses, all three types of viruses encode an NSI1 protein. Interestingly,
although these NS1 proteins share only limited amino acid sequence
identity, NS1s of both influenza A and B viruses have an amino-terminal
RNA binding domain and inhibit PKR activation (Wang and Krug
1996). It is therefore conceivable that the NS1 protein of influenza B vi-
rus also inhibits IFN production. Interestingly, in addition to PKR, the
NSI1 protein of influenza B virus also inhibits the function of a second
IFN-inducible protein, the ubiquitin-like ISG15 protein (Yuan and Krug
2001). This specific activity of the NS1 protein of influenza B virus is in-
dependent of its dsRNA binding activity (Yuan et al. 2002). With respect
to influenza C virus, the role of its NS1 protein in antagonizing the IFN
response is not known at this moment.

2.2
The ML Protein of Thogotovirus

The orthomyxovirus group includes not only the influenza A, B, and C
viruses but also several other segmented negative-strand RNA viruses.
Among these viruses, the tick-borne thogotovirus deserves special men-
tion because it lacks an NS segment and therefore does not encode an
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NS1 protein. Instead, thogotovirus encodes an interferon antagonist pro-
tein from its M segment. In the case of influenza A virus, the M segment
directs the synthesis of two viral proteins by alternative splicing, the M1
(matrix) and M2 (ion channel) proteins, which only share the first 9
amino terminal amino acids. By contrast, thogotovirus M segment en-
codes, also by alternative splicing, the ML and M (matrix) proteins, the
ML protein being a 38-amino acid carboxy-terminal extended form of
the M protein. Interestingly, a thogotovirus isolate deficient in ML ex-
pression as well as recombinant thogotoviruses lacking ML expression
were able to efficiently induce IFN in infected cells, whereas ML-express-
ing wild-type virus strains were poor IFN inducers. Moreover, expres-
sion of the ML protein inhibited the activation of the IFN-3 promoter by
dsRNA, suggesting that, similar to the NS1 protein of influenza A virus,
the ML protein of thogotovirus is a virus-encoded IFN antagonist that
blocks the transcriptional activation of IFN (Hagmaier et al. 2003).

2.3
V Proteins of Paramyxoviruses

Cells infected with different paramyxoviruses, such as human PIV3, Sen-
dai virus, and SV5, become unable to respond to IFN (Didcock et al.
1999; Hermodsson 1963). In 1998, Yokosawa et al. made the interesting
observation that the levels of STAT1, one of the critical components of
the ISGF3 complex activated by IFN signaling, become reduced in cells
infected with mumps virus, a paramyxovirus belonging to the rubula-
virus group (Yokosawa et al. 1998). Subsequent studies using the closely
related SV5 virus demonstrated that STAT1 is targeted for proteasome-
mediated degradation in SV5-infected cells and that expression of the
SV5-encoded protein V is sufficient to mediate this effect (Didcock et al.
1999). Degradation of STAT1 renders SV5- and mumps virus-infected
cells unable to respond to IFN. The V proteins of paramyxoviruses are
encoded by the P gene, which directs expression of P, V, and D/ W/ I
proteins by an mRNA editing mechanism that results in the addition of
nontemplated G residues at a specific region of the P gene during mRNA
transcription (Table 1). This results in expression of three proteins with
identical amino-terminal domains and distinct carboxy-terminal re-
gions. Whereas the P protein is required for RNA transcription and rep-
lication, the V proteins encoded by rubulaviruses appear to mediate in-
hibition of IFN signaling. SV5 (Didcock et al. 1999), mumps virus
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Table 1 Proteins encoded by the P gene of paramyxoviruses®

Respiroviruses Sendai virus P VV W C C YI Y2
Rubulaviruses Mumps virus P Vv I

Avulaviruses NDV P Vv W

Morbilliviruses Measles virus P Vv W C

Henipaviruses Nipah virus PV W C

Pneumoviruses® RSV P

Metapneumoviruses® Avian pneumovirus P

® Representative examples of each group are shown.

b Shown in bold are proteins for which an IFN antagonistic activity has been de-
scribed.

¢ Pneumoviruses encode IFN antagonist NS1 and NS2 proteins as independent tran-
scriptional units; for the closely related metapneumoviruses, that lack these two
proteins, no IFN antagonist has yet been identified.

(Kubota et al. 2001), and SV41 virus (Nishio et al. 2001) V proteins tar-
get STAT1 to degradation, allowing for inhibition of both IFN-a/f and
IFN-y signaling. However, human PIV2 V protein targets STAT2 to deg-
radation, specifically inhibiting only IFN-o/f signaling (Nishio et al.
2001; Parisien et al. 2001; Young et al. 2000).

The V protein of the avulavirus Newcastle disease virus (NDV) also
appears to have IFN antagonistic properties, because its expression re-
sults in inhibition of the antiviral IFN response in chicken embryo fibro-
blasts, allowing more efficient viral replication of IFN-sensitive viruses
(Park et al. 2003). Similarly, stable expression in human cells of the V
protein of SV5 increases the replication properties of several viruses,
most likely by inhibiting the IFN-mediated antiviral response (Young et
al. 2003). Nipah virus, a recently identified paramyxovirus that was re-
sponsible for a highly lethal outbreak in humans in Malaysia in 1998-
1999 and that is closely related to Hendra virus, also encodes a V protein
that inhibits IFN signaling, although its mechanism of action appears
to be different from that of other paramyxoviruses (Park et al. 2003;
Rodriguez et al. 2002) (see below).

The V protein carboxy-terminal region is highly conserved among
paramyxoviruses and consists of a cysteine-rich region that binds two
Zn*? atoms (Lamb and Kolakofsky 2001). Expression of just the unique
carboxy-terminal V region of mumps virus resulted in decreased levels
of STAT1 and in inhibition of IFN signaling (Kubota et al. 2001). Similar
results with respect to STAT2 degradation were achieved by expression
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of the unique carboxy-terminal V region of hPIV2 (Nishio et al. 2001).
Moreover, expression of the carboxy-terminal V region of NDV comple-
ments viral growth in the presence of an IFN response (Park et al. 2003).
With reverse genetics, recombinant hPIV2, NDV, and SV5 expressing a
truncated V protein lacking the carboxy-terminal region have been gen-
erated (He et al. 2002; Kawano et al. 2001; Mebatsion et al. 2001). These
viruses were compromised for growth in IFN-competent substrates and
partly regained their ability to replicate at high titers in IFN-deficient
substrates. These results are consistent with an essential role of the car-
boxy-terminal region of V in its IFN-antagonistic functions.

Despite the evidence that the carboxy-terminal V domain of mumps
virus and hPIV2 is sufficient to mediate STAT1 and STAT2 degradation,
respectively (Kubota et al. 2001; Nishio et al. 2001), the amino-terminal
domain of V of SV5 also appears to modulate V activity. Three amino
acid differences in the amino-terminal domain of V of an isolate of SV5
virus [CPI(—)] were found to be responsible for the inability of this
strain to induce STAT1 degradation (Chatziandreou et al. 2002). Substi-
tution of the V protein of SV5 by the V protein of the CPI(—) strain re-
sulted in a recombinant SV5 virus unable to mediate STAT1 degradation
(Wansley and Parks 2002). In contrast to other paramyxovirus V pro-
teins, expression of only the amino-terminal first amino acids of Nipah
virus Vresulted in inhibition of IFN signaling (Park et al. 2003). Interest-
ingly, the Nipah virus P gene is characterized by a unique amino-termi-
nal region not present in any other paramyxoviruses, with the exception
of Hendra virus, that is shared by the P, V, and W proteins of this virus.
Thus the W protein of Nipah virus, which shares the same amino-termi-
nal domain as the V protein, also inhibits IFN signaling (Park et al.
2003).

STAT-mediated degradation by the V proteins of rubulaviruses ap-
pears to be mainly mediated by the proteasome, because both STAT1
and STAT?2 levels are restored in cells expressing SV5 and hPIV2 V pro-
teins by treatment with proteasome inhibitors (Andrejeva et al. 2002). It
is interesting that although SV5 and hPIV2 V proteins target different
transcription factors for degradation (STAT1 and STAT2, respectively)
they require the presence of both STAT1 and STAT2 to specifically target
one of these factors for degradation. This suggests that V forms a com-
plex with both STAT1 and STAT?2 factors, and that V cannot recognize
these factors individually (Parisien et al. 2002). The carboxy-terminal re-
gion of the STATSs containing their protein-activating tyrosine phosphor-
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ylation and functional src homology 2 (SH2) domains were not required
for being targeted by the V protein, but their amino terminals were
essential (Parisien et al. 2002). Similarly, the carboxy terminal of
STAT1 was not needed for its degradation by the mumps virus V protein
(Yokosawa et al. 2002). Protein-protein interaction analysis indicated
that V and STAT proteins interact physically in vitro and in vivo (Nishio
et al. 2002; Parisien et al. 2002). A tryptophan-rich motif in the carboxy-
terminal domain of mumps virus V was required for this interaction
(Nishio et al. 2002). On the other hand, it has also been reported that
mutations in the cysteine residues of the mumps virus V carboxy-termi-
nal domain involved in Zn*? binding abrogate STAT1 binding (Yokosawa
et al. 2002).

The SV5 V protein is also known to interact with the damage-specific
DNA-binding protein DDB1 (Lin et al. 1998). Interestingly, binding of
SV5 V to DDBI correlates with its ability to target STAT1 for degradation
(Andrejeva et al. 2002). SV5 and hPIV2 V proteins copurified from hu-
man cells with a complex including STAT1, STAT2, DDBI, and Cul4A, a
protein related to a family of cellular ubiquitin ligase complex subunits
(Ulane and Horvath 2002). Both DDBI1 and Cul4A were required for SV5
V-mediated STAT1 degradation (Andrejeva et al. 2002; Ulane and Hor-
vath 2002), suggesting that V targets STAT1 for degradation by the for-
mation of a complex with STAT1 and STAT2 and cellular components in-
volved in ubiquitin-mediated proteasome degradation, such as DDB1
and Cul4A. Consistent with this hypothesis, ubiquitination of STAT1 has
been demonstrated in mumps virus-infected cells (Yokosawa et al. 2002).
Intriguingly, mumps virus V protein was recently found to associate with
yet another cellular protein, RACK1 (Kubota et al. 2002). RACKI is
known to interact with STAT1 and to function as an adaptor molecule,
mediating binding of STAT1 to the IFN-a/f receptor (Usacheva et al.
2001). This binding is required for Jak-mediated phosphorylation of
STAT1 in response to IFN. Association of mumps virus V with RACK1
prevented the interaction of STAT1 with RACK1 and with the IFN-a/j re-
ceptor (Kubota et al. 2002), and this should result in inhibition of IEN
signaling. However, it is unclear whether, as found for DDBI, RACKI1 is
required for the induction of STAT1 degradation by the V protein. Final-
ly, as already mentioned, the V protein of Nipah virus is unusual in its
ability to block IFN signaling. As with the rubulavirus V proteins, Nipah
virus V binds to STAT1 and STAT2, but this does not result in STAT deg-
radation. Rather, Nipah virus V inhibits STAT phosphorylation and
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Fig. 2 Inhibition of the type I IFN response by the V and C proteins of paramyx-
oviruses. On viral infection, the viral genomic RNA is released into the cytoplasm.
For the induction of the IFN response, see Fig. 1 legend. The V proteins of the
respiroviruses SV5, mumps virus, and PIV2 and of the Nipah virus and the C pro-
teins of Sendai virus inhibit IFN signaling by interactions with STAT1/STAT2, some-
times resulting in degradation of the STATs. In addition, it has recently been shown
that the V proteins of several paramyxoviruses are also able to prevent the activation
of transcription factors involved in IFN synthesis

translocation to the nucleus (Rodriguez et al. 2002). In contrast to other
V proteins, the amino-terminal region of Nipah virus V appears to be re-
sponsible for its IFN-antagonistic properties (Park et al. 2003).

Recently, a second role for the paramyxovirus V proteins has been de-
scribed with respect to their ability to inhibit the IFN system (Fig. 2). A
recombinant SV5 virus lacking the carboxy-terminal domain of V not
only was defective in its ability to inhibit IFN signaling but also induced
higher levels of IFN than wild-type viruses (He et al. 2002). Interestingly,
similarly to the NS1 protein of influenza virus, SV5 V protein expression
resulted in inhibition of IRF3 and NF-xB activation by dsRNA, resulting
in inhibition of IFN production. Expression of only the carboxy-termi-
nal domain of V was able to mediate this inhibition (Poole et al. 2002).
Not only the V protein of SV5 but also the V proteins of hPIV2 and of
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Sendai virus were able to inhibit IFN production, . The latter paramyxo-
virus belongs to the respirovirus group, whose V proteins appear to be
unable to inhibit IFN signaling. Rather, the C proteins of Sendai virus
are responsible for inhibition of IFN signaling (see below). It will be
interesting to determine whether recombinant Sendai, measles, and
rinderpest viruses lacking their V proteins (Baron and Barrett 2000;
Delenda et al. 1997; Kato et al. 1997a,b; Schneider et al. 1997) are also
higher inducers of IFN, in order to demonstrate a universal role of the V
protein of paramyxoviruses in inhibiting IFN production. In addition to
inhibiting IFN production by preventing the activation of transcription
factors involved in IFN synthesis, the V proteins of paramyxoviruses
might reduce the number of potential danger molecules that trigger IFN
production in virus-infected cells, such as dsRNA or nucleocapsids,
through their known RNA replication-inhibitory activities (Curran et al.
1991). In this respect, the CPI(—) SV5 virus expressed higher levels of vi-
ral RNA and proteins in infected cells because of mutations in its V gene
and induced higher levels of IFN (Wansley and Parks 2002).

24
C Proteins of Sendai Virus

Among the paramyxoviruses, the respirovirus group includes viruses
that encode a V protein, such as Sendai virus and bovine PIV3, and
viruses for which there is no biochemical evidence for the presence of a
V protein, such as human PIV1 and PIV3. Moreover, the respiroviruses,
but not the rubulaviruses, encode at least one C protein from the P gene
by alternative use of initiation codons (Table 1). For instance, Sendai vi-
rus expresses a total of four C proteins (C', C, Y1, and Y2) through alter-
native translation from different start codons (ACGS81, AUGI114,
AUGI83, and AUG201) in the same open reading frame. The C proteins
therefore have identical carboxy-terminal sequences, and they do not
share any amino acid sequence with the P protein (Lamb and Kolakofsky
2001). Interestingly, the C proteins of Sendai virus, and not the V pro-
tein, are responsible for inhibition of IFN signaling (Garcin et al. 1999;
Gotoh et al. 1999) (Fig. 2). In contrast to wild-type Sendai virus, recom-
binant Sendai viruses lacking the AUG114-initiated C protein or contain-
ing a single amino acid substitution in the C protein are unable to effi-
ciently block IFN action (Garcin et al. 1999). However, only a 4C (C/, C,
Y1 and Y2) knockout Sendai virus was completely unable to suppress
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the induction of IFN-stimulated gene products, indicating that most
likely all C proteins have some IFN -antagonistic properties (Gotoh et al.
1999). Expression of individual C proteins in cells has demonstrated that
all C proteins, even the smallest Y2 protein, are able to inhibit IFN sig-
naling (Garcin et al. 2000; Kato et al. 2001). Moreover, only the carboxy-
terminal half of the C protein is required for this inhibition (Kato et al.
2002). Nevertheless, the larger C’' and C proteins appear to be critical for
IFN inhibition in the context of virus infection, because recombinant
Sendai viruses expressing the Y1 and Y2 proteins, but lacking expression
of the larger C and C' proteins, are unable to rescue vesicular stomatitis
virus (VSV) replication in IFN-treated cells (Garcin et al. 2001).

Sendai virus-infected cells demonstrated low levels of Tyk2 phosphor-
ylation, and this might explain the blockade of IFN-a/f signaling in-
duced by this virus (Komatsu et al. 2000). However, Sendai virus
not only inhibits IFN-a/f signaling, but also IFN-y (Tyk2 independent)
signaling (Young et al. 2000). STAT function appears to be modified by
Sendai virus infection, because both serine (Young et al. 2000) and tyro-
sine (Komatsu et al. 2002; Saito et al. 2002) phosphorylation of STAT1
are deregulated by Sendai virus infection because of the C proteins. In
addition, STAT1 becomes unstable in murine cells infected with Sendai
virus (Garcin et al. 2000).

The mechanism of inhibition of IFN signaling by the C proteins of
Sendai virus appears to be a rather complex process. Takeuchi et al.
found that Sendai C proteins directly bind to STAT1 (Takeuchi et al.
2001). Although all four C proteins physically interact with STAT1 and
inhibit IFN signaling, only the large C' and C proteins, in an analogous
way to the V proteins of rubulaviruses, induce STAT1 ubiquitination
and its subsequent proteasome-mediated degradation in murine cells
(Garcin et al. 2002). STAT1 degradation might explain the inhibition of
IFN signaling in Sendai virus-infected cells. However, C-mediated STAT1
degradation appears to be cell specific and although it is clearly seen in
mouse embryo fibroblasts, it does not occur in other cell lines, for exam-
ple, human HeLa cells, in which C-mediated inhibition of IFN signaling
also occurs (Garcin et al. 2002; Komatsu et al. 2000; Young et al. 2000).
The mechanism of action of C is further complicated by the observation
that, despite the inhibition of STAT1 tyrosine phosphorylation in re-
sponse to short-term IFN stimulation, tyrosine-phosphorylated STAT1
accumulates in Sendai virus-infected cells or in cells expressing the C
proteins (Komatsu et al. 2002; Saito et al. 2002). Recently, Garcin et al
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(Garcin et al. 2003) found that although all C proteins have the ability to
bind to STATI1 in response to IFN, resulting in STAT1 tyrosine phos-
phorylation inhibition, the large C’ and C proteins can also interact with
STAT1 independently of IFN signaling. This second interaction leads to
STAT1 instability and to a paradoxical increase, even in the absence of
IFN, in tyrosine-phosphorylated STAT1, which most likely is not func-
tional because of its association with C. Interestingly, Gotoh et al. also
recently reported that binding of C to STAT1 facilitates an indirect inter-
action of C with STAT2, leading to a blockade in tyrosine phosphoryla-
tion of STAT2 in response to IFN (Gotoh et al. 2003). In any case, the
available evidence indicates that the C proteins of Sendai virus inhibit
IFN signaling through binding to STATI, resulting in a deregulation of
the activating STAT1 and STAT2 phosphorylation events accompanied in
some instances by instability of STAT1, leading to inhibition of STAT1/
STAT2-mediated transcription.

Are other C proteins from other paramyxoviruses involved in inhibit-
ing IFN signaling? Although this question still remains unanswered for
most paramyxoviruses, the C protein of Nipah virus was found to be
able to promote the replication of NDV in the presence of an IFN re-
sponse, suggesting that this protein inhibits the host IFN system at some
level (Park et al. 2003).

2.5
Nonstructural Proteins of Respiratory Syncytial Viruses

The most divergent paramyxovirus group is the pneumoviruses, which
include human RSV. Besides the P protein, the pneumoviruses do not
appear to express any additional proteins from the P gene. Moreover,
the genome of these viruses contains specific unique transcriptional
units encoding the NS1, NS2, and M2 proteins, not present in any other
paramyxovirus. RSV has been found to be highly resistant to the antivi-
ral action of IFN, as evidenced by its ability to replicate in cells pretreat-
ed with IFN-a/f (Atreya and Kulkarni 1999; Young et al. 2000). With re-
verse genetics techniques, the IFN-resistance phenotype of bovine RSV
was mapped to the NS1 and NS2 genes (Schlender et al. 2000). Recombi-
nant bovine RSVs lacking the NS1, the NS2, or both genes became sensi-
tive to the action of IFN, and their replication was impaired in IFN-com-
petent cells. Moreover, expression of NS1 and NS2 proteins of bovine
RSV by recombinant rabies viruses conferred IFN resistance to this oth-



Identification and Characterization of Viral Antagonists of Type I Interferon 265

erwise IFN-sensitive virus. IFN resistance was achieved only when both
proteins were expressed, suggesting that bovine RSV NS1 and NS2 pro-
teins cooperate to mediate this effect (Schlender et al. 2000). Similarly,
the NS1 and NS2 proteins of human RSV are also required for viral resis-
tance against IFN in human cells (Bossert and Conzelmann 2002). The
mechanism by which these two viral proteins cooperate to overcome the
IFN response is still unknown.

2.6
The M Protein of Vesicular Stomatitis Virus

The ability of VSV to prevent IFN production in infected cells correlates
with its ability to inhibit cellular protein expression (Francoeur et al.
1987). The M protein of VSV is a potent inhibitor of cellular mRNA tran-
scription and transport (Black and Lyles 1992; Her et al. 1997). This
activity also prevents efficient induction of IFN synthesis (Ferran and
Lucas-Lenard 1997). However, additional uncharacterized viral determi-
nants also appear to participate in the differential IFN induction by dif-
ferent strains of VSV (Marcus et al. 1998). Inhibition of cellular mRNA
transport by VSV M is mediated by interactions with the nucleoporin
Nup98 (von Kobbe et al. 2000). Interestingly, IFN treatment leads to an
increase in the levels of Nup98 and Nup96, reversing the M protein-me-
diated inhibition of cellular gene expression, suggesting that hosts have
evolved counteracting mechanisms for the IFN-antagonistic properties
of VSV (Enninga et al. 2002).

2.7
The VP35 Protein of Ebola Virus

The negative-strand RNA filoviruses (Marburg and Ebola viruses) are
among the most lethal viruses in humans. Endothelial cells infected with
Ebola virus were found to lose their ability to respond to dsRNA and to
IFN (Harcourt et al. 1998, 1999). Similar results were obtained in human
macrophages and peripheral blood mononuclear cells (Gupta et al.
2001). By using a biological screening assay for IFN antagonists based
on virus growth complementation it was found that the VP35 protein of
Ebola, which carries the same function in RNA replication as the P pro-
tein of paramyxoviruses, inhibits the type I IFN system. Inhibition ap-
pears to be at the level of induction of IFN synthesis (Basler et al. 2000).
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It remains to be determined whether Ebola virus also encodes an inhibi-
tor of IFN signaling.

2.8
NSs Proteins of Bunyaviruses

The three-segmented negative-strand RNA viruses belong to the broad
group of the Bunyaviridae. These viruses are further subdivided into five
genera: Bunyavirus, Hantavirus, Nairovirus, Phlebovirus, and Tospo-
virus. By using reverse genetics techniques established for Bunyamwera
virus, the bunyavirus prototype, it has been demonstrated that the NSs
protein of this virus is required for preventing the induction of IFN-a/f8
in infected cells (Weber et al. 2002). Thus a recombinant Bunyamwera
virus lacking the NSs protein induces activation of NF-xB and IRF-3, re-
sulting in production of IFN, whereas these effects are not observed in
wild-type virus-infected cells. Moreover, expression of NSs inhibited the
transcriptional induction of IFN by dsRNA. The poorly replicating
deINSs Bunyamwera virus regained replication in IFN-deficient sub-
strates, including knockout mice for the IFNAR (Weber et al. 2002).
Therefore, the NSs of Bunyamwera virus allows efficient viral replication
in the presence of an intact IFN system.

The NSs protein of Bunyamwera virus is encoded by an alternative
open reading frame in the small (S) segment, which also encodes the nu-
cleocapsid (N) protein. Rift Valley fever virus, a Phlebovirus, also en-
codes N and NSs proteins from the S segment. The coding strategy is,
however, different, and it is based in ambisense expression from
nonoverlapping open reading frames (Overton et al. 1987). Analysis of
Rift valley fever virus strains with spontaneously acquired mutations in
the NSs gene demonstrated that a deletion in the NSs gene resulted in a
high-TIFN-inducing virus. This virus was attenuated in wild-type mice
but virulent in IFNAR ™~ mice, suggesting that the NSs of phleboviruses
inhibits IFN production, promoting viral replication and pathogenicity
in IFN-competent hosts (Bouloy et al. 2001).

The genus Tospovirus includes plant-infecting bunyaviruses, and these
viruses also express NSs proteins from an ambisense S RNA segment.
Interestingly, the NSs of the tospovirus tomato spotted wilt virus inhibits
an important antiviral defense mechanism in plants, RNA silencing
(Bucher et al. 2003; Takeda et al. 2002). At this moment it is unclear
whether the ability of the NSs of tospoviruses to suppress RNA silencing
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is related to the ability of the NSs of bunyaviruses and phleboviruses to
suppress IFN induction.

NSs proteins have not been identified among the hantaviruses and
nairoviruses. Nevertheless, different hantaviruses appear to induce dif-
ferent levels of IFN-induced genes in infected endothelial cells. Non-
pathogenic hantaviruses induced higher levels of IFN-stimulated genes
at early times after infection, suggesting that pathogenic hantaviruses
suppress early cellular IFN responses (Geimonen et al. 2002). The viral
gene product responsible for this suppression is still unknown.

3
Role of Viral Interferon Antagonists in Virulence and Host Tropism

Through the use of reverse genetics techniques, recombinant negative-
strand RNA viruses with altered IFN antagonist genes have been generat-
ed. These viruses display an attenuated phenotype in animal models of
infection, indicating that these genes are important virulence factors. In
some cases, the main reason for attenuation of these recombinant virus-
es is their inability to inhibit the IFN antiviral response. This can be
demonstrated if the attenuated phenotype reverts to a virulent pheno-
type in mice with defined deficiencies in the IFN response, such as
IFNAR ™", STAT17/~, or PKR™~ mice. This was the case for deINS1 influ-
enza A viruses and for NSs-mutated bunyaviruses (Bergmann et al. 2000;
Bouloy et al. 2001; Garcia-Sastre et al. 1998; Weber et al. 2002). However,
because of the multifunctional characteristics of most of the proteins en-
coded by negative-strand RNA viruses, the determination of specific mu-
tations that only affect IFN antagonist function might be needed to eval-
uate the contribution to pathogenesis of virus-encoded IFN inhibitors.
For example, the V and C proteins of paramyxoviruses also have roles in
RNA replication and viral assembly (Lamb and Kolakofsky 2001), and
therefore the attenuation of V and C knockout viruses may represent a
complex phenotype not only due to their inability to prevent the IFN an-
tiviral response (Baron and Barrett 2000; Durbin et al. 1999; Escoffier et
al. 1999; Kato et al. 1997; Kurotani et al. 1998; Mebatsion et al. 2001;
Mrkic et al. 2000; Patterson et al. 2000; Tober et al. 1998; Valsamakis et
al. 1998). In the case of influenza A viruses, the NS1 protein has been re-
ported not only to inhibit the IFN response but also to enhance specifi-
cally viral mRNA translation and to inhibit cellular mRNA processing
(Aragdn et al. 2000; Chen et al. 1999).
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The ability of negative-strand RNA viruses to overcome the IFN sys-
tem, and therefore their IFN-antagonist proteins, play an important role
in the species tropism of these viruses. SV5 does not replicate well in
mice, and this correlates with the fact that SV5 inhibits IFN signaling in
human cells but not in murine cells (Didcock et al. 1999). This specifici-
ty can be changed by a single amino acid mutation in V (Young et al.
2001). SV5 V interacts with the human STAT1/STAT2 complex, and in-
terestingly the specificity of SV5 V for human STAT1 does not seem to
depend on the origin of STAT1, but of STAT2. Thus expression of human
STAT2 in mouse cells renders murine STAT1 susceptible to SV5 V-medi-
ated degradation (Parisien et al. 2002). Several other negative-strand
RNA viruses have also been shown to encode IFN antagonists that
demonstrate preferences for inhibiting the IFN system of their natural
hosts. For instance, human RSV NS1 and NS2 proteins are better in-
hibitors of the IFN system in human cells than in bovine cells, whereas
the contrary seems to be the case for bovine RSV NS1 and NS2 proteins
(Bossert and Conzelmann 2002). Exchange of the NS1 gene of a mouse-
adapted influenza A virus for that of the human pandemic strain of 1918
results in a low-virulence phenotype in mice (Basler et al. 2001). The co-
evolution of a virus with its host, resulting in adaptation of viral factors
to interact with specific host factors, is most likely responsible for the
species specificity of the viral IFN antagonists.

Do highly virulent strains of negative-strand RNA viruses express
more efficient IFN antagonist proteins than strains of moderate or low
virulence? Because infection with influenza viruses induces to some ex-
tent the IFN response (Kim et al. 2002), highly virulent influenza viruses
may possess highly efficient anti-IEN NSI1 genes. In this respect, the NS1
proteins of the highly lethal 1918 and HK/1997 influenza A virus strains
appear to be strong antagonists of the IFN response in human and pig
cells, respectively (Geiss et al. 2002; Palese et al. 2002; Seo et al. 2002).
Although the NS1 of HK/1997, a virus that jumped directly from birds to
humans, allows the virus to efficiently overcome the antiviral state in-
duced by IFN and TNF (Seo et al. 2002), the same NSI appears to be a
poor inhibitor of cytokine induction in human macrophages, and this
combination might be responsible for abnormally high levels of proin-
flammatory cytokines in infected humans, resulting in increased patho-
genicity (Cheung et al. 2002). However, the high virulence of both the
1918 and HK/1997 influenza A viruses in humans most likely represents
a multifactorial characteristic, in which several viral genes, in addition
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to the NS1 gene, are involved (Hatta et al. 2001; Katz et al. 2000; Tumpey
et al. 2002).

Viral strains from several other negative-strand RNA viruses, such as
measles viruses, bunyaviruses, and hantaviruses, have also demonstrated
a correlation between virulence and ability to inhibit the IFN response
(Bouloy et al. 2001; Geimonen et al. 2002; Naniche et al. 2000). In the
case of SV5, the differential ability of viral strains to suppress the IFN
response might be associated with their ability to establish persistent in-
fections (Chatziandreou et al. 2002). Future studies will help us to better
delineate the relationships between pathogenicity, host and tissue tro-
pism, and the ability of negative-strand RNA viruses to evade the host
IFN response.

4
Use of Recombinant Viruses Containing Modified Viral
Interferon Antagonists

4.1
Live Attenuated Vaccines

Most viral IFN antagonists of negative-strand RNA viruses appear to be
accessory proteins, dispensable for viral infectivity but required for
pathogenicity and efficient replication in the host. Therefore, recombi-
nant viruses containing mutations or deletions in their IFN antagonist
genes might represent live attenuated vaccine candidates if proven safe
and immunogenic (see other chapters of this book). However, highly at-
tenuated viruses, although safe, might be poor immunogens. By evaluat-
ing the vaccine potential of a panel of recombinant viruses having differ-
ent degrees of impairment in their IFN antagonist genes, and therefore
different degrees of attenuation, it might be possible to select live vac-
cine candidates with an optimal window between attenuation and im-
munogenicity (Talon et al. 2000). Attenuated recombinant viruses might
also be used as viral vectors with vaccine or therapeutic purposes (see
chapter by von Messling and Cattaneo, this volume).
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4.2
Oncolytic Viruses

Several negative-strand RNA viruses, such as measles viruses, VSV, and
NDV, have been found to have oncolytic properties, that is, they prefer-
entially replicate in transformed cells, resulting in selective tumor cell
killing (Grote et al. 2001; Peng et al. 2001; Schirrmacher et al. 1999;
Stojdl et al. 2000). Interestingly, the selective viral replication in tumor
cells seems to correlate with an impaired IFN response in most cancer
cells (Coffey et al. 1998; Stojdl et al. 2000). It is then likely that recombi-
nant negative-strand RNA viruses with altered IFN antagonist proteins
will have a higher specificity for replication in IFN-deficient cancer cells,
while sparing IFN-competent normal cells. This was found to be the case
for a recombinant influenza A virus lacking the IFN antagonist NS1 pro-
tein (Bergmann et al. 2001). Oncolytic negative-strand RNA viruses may
be used as therapeutic antitumor agents in combination with other tu-
mor therapies.

5
Conclusions and Perspectives

The use of reverse genetics techniques has completely changed our view
of how negative-strand RNA viruses deal with the innate antiviral im-
mune response induced by IFN. It is now clear that most, if not all, neg-
ative-strand RNA viruses, despite their compact, small genomes, encode
at least one viral product to counteract the action of the host IFN re-
sponse. Nevertheless, it is still unknown whether some of these viruses,
for example, the arenaviruses, express an inhibitor of the IFN response.
Viral IFN antagonists are critical virulence factors required for efficient
viral replication in the host, and they therefore represent attractive novel
targets for antiviral therapy. Although our knowledge of how negative-
strand RNA viruses interact with the host IFN response has advanced
considerably, we still do not know all the cellular and viral players re-
sponsible for these interactions. This represents an area of active re-
search that will have an important impact on understanding viral patho-
genicity, not only for negative-strand RNA viruses but also for other
viruses (Katze et al. 2002). In addition, these studies may lead to the ra-
tional design of improved viral vaccines and viral therapeutic vectors.
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Abstract The study of negative-strand RNA viruses has suggested new
strategies to produce more attenuated viruses. Reverse genetics has al-
lowed the implementation of the strategies, and new or improved mono-
valent vaccines are being developed. In addition, recombinant viruses
expressing foreign proteins or epitopes have been produced with the
aim of developing multivalent vaccines capable of stimulating humoral
and cellular immune responses against more than one pathogen. Finally,
recombinant viruses that selectively enter cells expressing tumor mark-
ers or the HIV envelope protein have been engineered and shown to lyse
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target cells. Preclinical and clinical trials of improved and multivalent
vaccines and therapeutic (oncolytic) viruses are ongoing.

1
Introduction

Negative-strand RNA viruses are important agents of disease, including
age-old diseases of humans and animals as well as newly recognized
emerging diseases. Human deaths attributable to measles, influenza, and
the parainfluenza viruses worldwide, especially in children, are num-
bered over a million annually (Clements and Cutts 1995). An emerging
paramyxovirus named Nipah has recently claimed more than hundred
human lives and has led to the slaughter of almost all porcine livestock
in Malaysia (Chua et al. 1999). Similarly, a pathogenic influenza strain
has claimed several human lives in Hong Kong, and the possibility of
pandemics has repeatedly induced Hong Kong authorities to preventive-
ly eliminate millions of chickens (Hatta et al. 2001).

There are many pathogenic negative-strand RNA viruses and too few
effective vaccines, and those vaccines (against measles, mumps, and in-
fluenza) are not affordable for certain nations or are not optimally effec-
tive in all settings. Reverse genetics technology for segmented and non-
segmented negative-strand RNA viruses has been developed to a level of
sophistication (see chapter by Neumann and Kawaoka and chapter by
Conzelmann, this volume) allowing the design not only of improved vac-
cines against the homologous pathogens but also of multivalent vaccines
inducing humoral and cellular immune response against other patho-
gens. Moreover, this technology is allowing us to revisit cytoreductive
virotherapy, a field of experimentation that developed in the 1950s but
was superseded by chemo- and radiotherapy protocols for treatment of
cancer.

In this chapter, we briefly discuss those recent advances in under-
standing of the replication and assembly of negative-strand RNA viruses
that are of paramount importance for the development of improved live
vaccines. We also review the available data on the genetic stability of re-
combinant viruses from the perspective of the interplay between the ac-
cumulation of mutations and of selection. The focus then shifts to the
core of the matter: recent studies developing recombinant, improved
monovalent as well as multivalent vaccines. Finally, the paradigms on
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which a new field of experimentation aiming at the production of thera-
peutic viruses is developing are critically evaluated.

1.1
Negative-Strand RNA Virus Vectors: Genetic and Structural Constraints

Of the seven families of negative-strand RNA viruses three (Arenaviri-
dae, Bunyaviridae, and Orthomyxoviridae) have segmented genomes
and the other four (Bornaviridae, Filoviridae, Paramyxoviridae, and
Rhabdoviridae) have nonsegmented genomes. We first discuss the pa-
rameters influencing the stability of nonsegmented genomes and the is-
sues that must be considered when the modification of these genomes is
planned.

The lack of proofreading by the polymerases of RNA viruses implies
higher mutation rates compared with DNA viruses. Nevertheless, the
mutation rate is only one factor influencing genome evolution. The
stringency of selective constraints determines how fast mutants are se-
lected. Recombinant Rhabdoviridae expressing additional genes have
been found to be surprisingly stable (Schnell et al. 1996). However, there
is no doubt that mutants of any natural or recombinant virus involving
stop codons or other genetic alterations within the added gene(s) arise
continuously, and when subjected to strong selective pressure these mu-
tants can be rapidly selected (Quinones-Kochs et al. 2001; Rager et al.
2002; Schnell et al. 1998). Therefore, it appears that under standard tis-
sue culture conditions selective constraints on recombinant viruses that
encode selectively neutral genes are minor.

The observed stability of added genes probably also is due to the re-
laxed constraints on genome length in negative-strand RNA viruses.
Their particles have a helical nucleocapsid and a pleomorphic envelope,
a combination that tolerates considerable changes in genome length.
This is in contrast to viral particles of icosahedral symmetry. Early ex-
periments based on particle sedimentation and ultraviolet inactivation
indicated that the pleomorphic particles of parainfluenza viruses often
incorporate more than one genome (Dahlberg and Simon 1969; Hosaka
et al. 1966), and more recent studies indicate that polyploid particles are
as infective as standard viruses (Rager et al. 2002), consistent with the
stable maintenance of large segments of foreign genetic materials by re-
combinant viruses.



284 V. von Messling and R. Cattaneo

The lack of a significant nuclear phase in most nonsegmented nega-
tive-strand RNA viruses is another favorable aspect from the perspective
of vector development because it insulates these infectious agents from
extensive genetic interference with cellular processes. Finally, the fact
that genomes of negative-strand RNA viruses do not recombine is also
of relevance for vector development.

1.2
Engineering Nonsegmented Negative-Sense RNA Viruses

Shortly after the establishment of systems to generate recombinant non-
segmented negative-sense RNA viruses entirely from cDNA, it was dem-
onstrated that foreign genes can be expressed from an additional tran-
scription unit. The foreign gene must be flanked by virus-specific gene-
start and gene-end motifs, which direct transcription by the viral
RNA-dependent RNA polymerase (Bukreyev et al. 1996; Mebatsion and
Conzelmann 1996). The location of this transcription unit determines
the amount of protein that is expressed, because of attenuation of tran-
scription at gene boundaries inherent in the transcriptional mode of the
viral RNA polymerase (Cattaneo et al. 1987; Iverson and Rose 1981). Al-
ternative methods for the expression of foreign sequences include bi-
cistronic transcription units (Sect. 3.2) or fusion proteins (Sect. 3.1).

The recovery of viruses with up to three additional genes, each in a
separate transcription unit at different positions in the genome, has been
reported. The resulting increase in size of the viral genome can reach as
much as 40% (Skiadopoulos et al. 2002; L. Hangartner, T. Cornu and M.
Billeter, personal communication). Depending on the virus and the char-
acteristics of the additional gene(s), the introductions lead to a 3- to
20-fold reduction of virus yield in vitro (Haglund et al. 2000; Sakai et al.
1999). The stability of the additional gene seems to be strongly depen-
dent on potential adverse effects of its encoded protein on virus replica-
tion. Whereas reporter genes like chloramphenicol acetyl transferase
(CAT) or enhanced green fluorescent protein (eGFP) are efficiently ex-
pressed over 20-30 passages, other proteins that interfere with virus rep-
lication are rapidly eliminated by the introduction of point mutations or
the addition or deletion of single nucleotides (Quinones-Kochs et al.
2001; Rager et al. 2002; Wertz et al. 2002).

A different issue that is relevant in this context is the expression of
foreign proteins intended to be incorporated in the viral envelope to im-
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prove immunological recognition (Sect. 3.2) or to retarget cell entry
(Sect. 4.3).

1.3
Engineering Segmented Negative-Strand RNA Viruses

The engineering of segmented negative-strand RNA viruses must consid-
er genetic reassortment. An additional gene presented as vRNA flanked
by the appropriate 5" and 3’ terminal bases is initially packaged into vi-
ral particles (Luytjes et al. 1989) but lost quickly during subsequent
rounds of replication if it does not perform an essential viral function.
To avoid rapid loss of expression, the nonessential reading frame must
be coupled to a viral gene whose maintenance is essential for virus via-
bility, typically by engineering bicistronic transcripts. Bicistronic tran-
scripts have been obtained with internal ribosomal entry sites (IRES) or
a short self-cleaving protease sequence.

By inserting additional sequences downstream of the open reading
frame (ORF) of the neuraminidase (NA) gene it was shown that influenza
A virus can tolerate an insertion of at least 1 kb in that gene (Garcia-Sas-
tre et al. 1994b). In a different experimental approach using an IRES, an
additional ORF was introduced upstream of the NA ORF. By this means
conservation of certain characteristics of the first ORF is necessary to en-
sure NA synthesis, and therefore inserts tend to be more stable (Garcia-
Sastre et al. 1994a). As an alternative system for the tandem expression of
genes the self-cleaving protease 2A of the foot and mouth disease virus
has been inserted in place of the IRES between the additional gene and
NA. Again, in this bicistronic transcription unit conservation of the up-
stream (foreign) ORF is required to express the coupled viral ORF (Percy
et al. 1994). These systems, in combination with the recently established
highly efficient system to generate influenza A virus entirely from cDNA
(Fodor et al. 1999; Neumann et al. 1999), have extended the versatility of
the reverse genetics system for influenza A and allow the rapid genera-
tion of recombinant viruses that express additional genes.

2
Improved Vaccine Viruses

Live attenuated vaccines have traditionally been generated by repeated
passages of virulent virus strains through various cultured cells as well
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as eggs. Alternatively, closely related viruses that have a different species
as original host have been used as vaccines. For certain viruses, the gen-
omes of the attenuated vaccine viruses and their direct wild-type ances-
tors are available and have been completely sequenced; for other viruses,
these matched pairs are not available. The systematic characterization of
these genes and then of the single point mutations responsible for atten-
uation began once reverse genetics systems became available, taking ad-
vantage of those matched pairs.

2.1
Identification and Importation of Attenuating Mutations

A cold-adapted (cp) human parainfluenza virus-3 (hPIV3 cp45) that is a
promising vaccine candidate was found to have 15 differences compared
with its wild-type parent. Systematic genetic analysis of the importance
of these mutations revealed that three amino acid substitutions in the
polymerase (L) gene are crucial for attenuation. Comprehensive studies
in rodents and primates indicated that not only these three residues con-
tribute to a temperature-sensitive phenotype and cause a 3-5 times de-
crease in replication in the upper and lower respiratory tract of hamsters
(Skiadopoulos et al. 1998).

This work set the stage for the next development, the importation of
mutations responsible for attenuation from one virus species to the oth-
er. This is a distinct advantage of reverse genetics technology for vaccine
production. In this experimental paradigm, amino acid exchanges
shown to affect the efficiency of a replicative process in one virus may
be transferred to the homologous protein of a related virus, even one
that is relatively divergent. Proof of principle for the importation of at-
tenuating mutations from related virus species was established again in
the hPIV system, by importing into the hPIV polymerase a mutation
characterized in the corresponding protein of respiratory syncytial virus
(RSV). The high conservation of certain segments of L proteins among
nonsegmented negative-strand RNA viruses was the rationale for intro-
ducing a phenylalanine-to-leucine mutation conferring temperature sen-
sitivity in RSV. Introduction of that mutation resulted in a temperature-
sensitive phenotype in a recombinant hPIV and caused a 10- to 100-fold
decrease in replication in hamsters when combined with the three
previously identified mutations of the cp45 live attenuated vaccine can-
didate. A fivefold decrease in replication was observed in chimpanzees,
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and a moderate- to high-level antibody response was characterized
(Skiadopoulos et al. 1999a).

An alternative approach to attenuation, gene order rearrangement,
was pioneered with vesicular stomatitis virus (VSV). In this system the
linear order of the first four genes on the genome was systematically al-
tered, and the effects of gene rearrangement on replication in vitro and
on pathogenesis in a natural host were monitored (Flanagan et al. 2001;
Wertz et al. 1998). Recombinant VSV strains with different attenuation
levels have been shown to be genetically stable and to protect animals
from disease. Application of similar principles to human nonsegmented
negative-strand RNA viruses may now be envisaged.

2.2
Glycoprotein Exchange

Glycoprotein exchange involves the use of one viral backbone to carry
and express the antigenic determinants of another virus. This can be
useful for vaccine design, in which one attenuated viral backbone can be
used to express the antigenic determinants of a second, wild-type virus
for which vaccine strains do not exist, thus expediting vaccine develop-
ment. In addition, glycoprotein exchange can be attenuating, likely be-
cause of possible suboptimal interaction of the heterologous proteins
during virus replication and assembly and within the virions. This meth-
od is illustrated with the PIV system, where the glycoproteins, or seg-
ments thereof, were exchanged between an attenuated hPIV-3 backbone
and wild-type hPIV-1 or hPIV-2, for which attenuated strains or a re-
verse genetics system did not exist at the time. A recombinant hPIV-3
with the fusion (F) and hemagglutinin/neuraminidase (HN) glycopro-
teins of hPIV-2, whose cytoplasmic tails were replaced with their hPIV-3
counterparts, was generated, and replicated efficiently in vitro. Ham-
sters, African green monkeys, and chimpanzees immunized with the re-
combinant virus were protected against challenge with hPIV-2, despite
the attenuation for replication in the respiratory tract that was observed
in vivo (Tao et al. 2000b). A similar approach was taken by introducing
the F and HN proteins of hPIV-1 into the live attenuated hPIV-3 cp45
background. In vivo, the chimeric virus was about fivefold more restrict-
ed for replication in the respiratory tract of hamsters than the attenuat-
ed hPIV-3 cp45 parental virus (Skiadopoulos et al. 1999b). Interestingly,
hamsters immunized with the chimeric virus not only were resistant to



288 V. von Messling and R. Cattaneo

hPIV-1 challenge but showed moderate resistance to challenge with
hPIV-3 as well, even though only the internal proteins of that virus were
presented (Tao et al. 1999). This protective effect likely was mediated by
cytotoxic T cells specific to the internal hPIV-3 proteins, and it waned
within the space of several months. Nonetheless, a protective immune
response against hPIV-1 could be induced with this virus even in ani-
mals with preexisting immunity against hPIV-3 (Tao et al. 2000a).

In another series of experiments, attenuation was sought by engineer-
ing viruses combining the replication apparatus of an animal virus with
the envelope of its human homolog. In particular, the F and HN genes of
bovine (b)PIV-3 and hPIV-3 were introduced into the respective heterol-
ogous systems, and the replication efficiency in the upper and lower res-
piratory tract of rhesus macaques was assessed. The replication efficien-
cy of hPIV-3 carrying the bovine glycoproteins was restricted to a level
similar to bPIV-3, whereas that of bPIV-3 with the human glycoproteins
lay between the two parental viruses. This suggests that host range deter-
minants are not exclusively located on the glycoproteins, even though
these clearly play an important role in tropism (Schmidt et al. 2000).
The importance of this approach for human vaccines was that it com-
bined the backbone of bPIV-3, a virus that is attenuated in primates be-
cause of a natural host range restriction, with the major antigenic deter-
minants of hPIV-3, thus providing a novel vaccine against hPIV-3.

A similar cross-species approach was taken with a recombinant bo-
vine RSV (bRSV), in which the F gene alone or in combination with the
attachment (G) gene were replaced with the respective proteins of two
different human strains. The viruses displayed intermediate growth
characteristics in human and bovine cells, but their replication was
highly restricted in chimpanzees compared with human (h)RSV. Ani-
mals immunized with the recombinant viruses were not significantly
protected against challenge with wild-type hRSV, suggesting that the
magnitude of growth restriction was too great to provide adequate anti-
gen expression and that the replication efficiency of this chimeric vac-
cine candidate in primates should be improved by the import of addi-
tional hRSV genes (Buchholz et al. 2000).

Thus immunization with a closely related animal virus that is non-
pathogenic for humans, or the use of such an animal virus as a recombi-
nant vector to bear the antigenic determinants of the relevant human
pathogen, provides “Jennerian” and “modified Jennerian” means of vac-
cination, respectively. In general, glycoproteins representing the major
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neutralization antigens are the relevant proteins for inducing a long-last-
ing protective response. This was illustrated by the hPIV-3-1 virus de-
scribed above, where the internal genes provided only transient protec-
tion. Also, the replacement of the RV G protein with that of VSV led to a
loss of protection against challenge with a pathogenic RV strain, sug-
gesting that in this system the expression of internal proteins alone also
is not sufficient to elicit an effective immune response (Foley et al.
2000).

2.3
Ablation of Proteins

A third attenuation method that we will discuss only briefly is the silenc-
ing of the expression of accessory proteins essential for efficient virus
replication and pathogenesis in an organism but dispensable for virus
replication in cultured cells. Such “accessory proteins” often work by an-
tagonizing host defense factors (see chapters by Nagai and Kato and
Garcia-Sastre, this volume). Silencing or, when possible, deleting the
genes coding for these proteins is an attractive strategy because this
may improve the safety and efficacy of the resulting vaccine. Moreover,
it is practical because recombinant viruses lacking these proteins fre-
quently grow to high titers in cultured cells, a feature necessary for effi-
cient preparation of vaccines.

The expression of the V and C proteins of several paramyxoviruses
has been silenced by various means, and studies with C- and/or V-si-
lenced viruses have given important insights in the mechanisms of ac-
tions of theses proteins (Kato et al. 1997; Kurotani et al. 1998; chapter by
Nagai and Kato, this volume). The question about the applicability of C
or V “knock-out” mutations for the production of more attenuated vac-
cines has been asked not only in the Sendai system (Kano et al. 2002)
but also in most detail once again in the hPIV-3 system. It was conclud-
ed that the simultaneous ablation of the C and V proteins provides an
intermediate level of attenuation in the lower respiratory tract but that
the C ablation mutant is overattenuated (Durbin et al. 1999). Because the
V and C proteins of other viruses may have sets of functions that are
only partially overlapping, it is important to verify the consequences of
protein silencing for each protein and virus individually.

In addition to these mutants, involving genes that might have been
anticipated to be nonessential in vitro, viruses with mutations in pro-
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teins that had been expected to be essential for replication have also
been obtained. These mutations include, for example, the ablation of
two glycoproteins in hRSV (Karron et al. 1997; Techaarpornkul et al.
2001) or expression silencing of the influenza M2 ion channel (Takeda et
al. 2002; Watanabe et al. 2001). In contrast to the experience with mu-
tants in the accessory proteins, it appears likely that these mutants may
be too attenuated to produce a standard vaccine. Nevertheless, such mu-
tants may become the vectors of choice for the vaccination of immuno-
suppressed individuals.

3
Multivalent and Vectored Monovalent Vaccine Viruses

As a logical extension of the work on obtaining improved vaccines
against individual viruses, the exploration of the potential of negative-
strand RNA viruses as multivalent vaccines has begun. To this end, dif-
ferent approaches have been used. First, the incorporation of immuno-
genic epitopes into viral proteins has been sought, by using strategies al-
lowing preservation of the function of the “carrier” proteins. Second, ex-
pression of the protein of interest from an additional ORF in the viral
genome has been achieved. The common goal is to generate a protective
immune response against other pathogens. Because the replicating, re-
combinant viruses express the gene of interest in the target cells, the cor-
responding protein is presented in the immunogenic context of a viral
infection that may act as an adjuvant.

A live attenuated vaccine candidate not only must be satisfactorily at-
tenuated but also must maintain sufficiently efficient replication in cul-
tured cells for production and in humans to be immunogenic. Therefore,
a balance between attenuation and immunogenicity is required. In the
previous section, we discussed attempts at developing viruses with dif-
ferent levels of attenuation. In the case of multivalent vaccines, attenua-
tion may be inherent with the insertion of any additional gene and main-
taining efficient replication becomes the issue.

3.1
Introduction of Foreign Epitopes into Viral Proteins

One approach toward the generation of recombinant vaccines is the in-
corporation of a T or B cell epitope of interest into a viral glycoprotein
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while maintaining its functionality. The influenza virus system is best
characterized for this approach. The introduction of a cytotoxic T cell
epitope of lymphocytic choriomeningitis virus (LCMV) into the NA
stalk of influenza A virus led to the protection of mice against LCMV
challenge for at least 4 months after vaccination (Castrucci et al. 1994).
A more commonly used display site is the antigenic site B, residing in
the head of the influenza A HA protein. Several epitopes have been dis-
played in this position. Proof of principle for this display technology
was brought initially with expression of the hybrid protein and injection
of purified material. Mice immunized with a chimeric protein, in which
the V3 loop of human immunodeficiency virus-1 (HIV-1) env was intro-
duced, developed high levels of antibodies against HA and the inserted
epitope, even though only nanograms of protein were injected (Kalyan
et al. 1994).

With the possibility of generating recombinant influenza viruses, this
approach was tested in the viral context. A virus carrying the chimeric
HA protein with the V3 loop of HIV-1 elicited anti-HIV antibodies and
cytotoxic T cells against the epitope in vaccinated mice (Li et al. 1993a).
Vaccination of mice using a recombinant influenza A virus with the neu-
tralizing HIV-1 gp41 epitope ELDKWA in the HA protein also resulted
in the production of antibodies and antibody-secreting cells not only in
the upper respiratory tract, which is the site of viral replication, but also
in blood, spleen, and the genital tract (Ferko et al. 1998). A vaccination
strategy combining a recombinant influenza virus that expressed the V3
loop of HIV-1 with a recombinant vaccinia virus expressing the com-
plete env protein led to an enhanced CD8" T cell response in mice com-
pared with vaccination with only one of the viruses (Gonzalo et al.
1999).

The presentation of epitopes of interest positioned in an antigenic site
of a viral protein within the viral context has also proven to be effective
for nonviral antigens for which B or T cell epitopes have been character-
ized. Mice vaccinated with an influenza virus expressing a B cell epitope
of the Plasmodium falciparum circumsporozoite protein, followed by a
booster with a recombinant vaccinia virus expressing the complete pro-
tein, developed a strong CD8* T cell response (Miyahira et al. 1998).
Similar results were obtained by using the same strategy with the ro-
dent-specific parasite P. yoelii, protecting mice against sporozoite-in-
duced malaria (Li et al. 1993b).
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A systematic approach was taken with peptide 10, one of the two char-
acterized linear B cell epitopes in the outer membrane protein F of Pseu-
domonas aeruginosa.. Influenza viruses that carried penta- to dode-
cameric peptides in the HA protein were generated, and their ability to
elicit an immune response in mice was characterized. The 8- and 11-res-
idue inserts led to the generation of high antibody titers (Gilleland et al.
1997). All these studies concur in showing that one or more arms of the
immune system can be mobilized to extend protection against addition-
al pathogens. Nevertheless, for vaccination purposes the use of complete
proteins of pathogens may be more efficient. Therefore, the expression
of additional proteins from recombinant viruses was sought.

3.2
Expression of Additional Proteins and Glycoprotein Replacement

3.2.1
Rhabdovirus-Based Vectors

Among nonsegmented RNA viruses, the proven high efficiency of for-
eign protein incorporation in the envelope, the tolerance of the particles
in accepting larger genomes, and the low seroprevalence predestined the
rhabdoviruses VSV and RV to be the vector systems initially used for ex-
pression of heterologous antigenic proteins. In particular, it was demon-
strated that a recombinant RV in which the endogenous G protein was
replaced by a chimeric HIV-1 env protein with the cytoplasmic tail of
RV G replicated exclusively in CD4-expressing cells and could be neu-
tralized by anti-HIV sera (Mebatsion and Conzelmann, 1996). Similar
viruses that expressed the env protein of HIV-1 strains with different
tropism infected various blood cells and entered CD4-expressing cells,
in contrast to wild-type RV but similar to HIV-1, by a pH-independent
pathway (Foley et al. 2002).

Another approach involved the introduction in the RV genome of the
HIV env genes from strains with different tropism. These genes were em-
bedded in additional transcription units. Mice inoculated with the re-
combinant viruses mounted a strong humoral immune response against
env and high levels of neutralizing antibodies against HIV after a single
boost with recombinant HIV-1 gp120 protein (Schnell et al. 2000). Fur-
thermore, a strong cytotoxic T-lymphocyte response was induced, able
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to cross-kill target cells expressing env from heterologous HIV-1 strains
(McGettigan et al. 2001).

The bovine rhabdovirus VSV was developed in parallel with RV as a
vaccine virus for HIV-1. Recombinant VSVs expressing the HIV gag
with or without env protein were generated. Production of HIV-like par-
ticles in addition to VSV particles was observed after expression of gag
in this system, and env was specifically incorporated into the HIV-like
particles (Haglund et al. 2000).

Another new concept in vaccination, that of envelope exchange for
boosting, was proven in the VSV system. Because recombinant viruses
expressing foreign antigens are bound to induce high-titer neutralizing
antibodies directed against the vector envelope glycoprotein and these
antibodies can prevent reinfection and boosting with the same vector, it
was hypothesized that efficient boosting could be achieved by replacing
the envelope with G proteins from other serotypes. Indeed, mice immu-
nized with VSVs expressing HIV env in addition to the G protein of the
Indiana strain could be boosted efficiently by using other recombinants
carrying the New Jersey or Chandipura G protein in its place (Rose et al.
2000). The immunization of Rhesus macaques with this strategy, using
viruses that express the HIV env and gag protein, proved to be effective
to protect animals from a challenge with pathogenic SHIV (Rose et al.
2001). This vaccine strategy is currently one of the most promising novel
developments in the field of AIDS prevention. It is directly analogous to
using vaccinia virus as a vector, but VSV offers more flexibility in mak-
ing different serotype-based viruses, in attenuating, and in the likely ab-
sence of antagonists of host immunity. Its efficiency is approached only
by repeated vaccinations with high amounts of a DNA-based vaccine fol-
lowed by boosting with a recombinant modified vaccinia virus Ankara
expressing multiple HIV proteins (Amara et al. 2001) and matched by a
combined plasmid DNA/replication-incompetent adenovirus/gag vac-
cine protocol (Shiver et al. 2002).

Another avenue of experimentation that was developed with the VSV
system is the incorporation of foreign proteins into the envelope: Many
foreign glycoproteins expressed from recombinant VSV are incorporated
efficiently into particles (Schnell et al. 1996). However, certain proteins
may interfere with virus particle assembly, and it is not possible to pre-
dict whether a foreign protein will be well tolerated. The display of for-
eign proteins on VSV particles may improve recognition and enhance
the immune response. It was shown that the influenza A glycoproteins
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HA and NA expressed from additional transcription units are efficiently
incorporated into viral particles (Kretzschmar et al. 1997). Mice immu-
nized intranasally with the recombinant VSV expressing influenza HA
produced high levels of neutralizing antibodies and were protected
against challenge with a lethal dose of virus (Roberts et al. 1998). Be-
cause some VSV-related pathogenicity was observed in this study, the ef-
fectiveness of viruses with a truncation in the G protein cytoplasmic do-
main or without G protein was examined. Both viruses were entirely
nonpathogenic and provided complete protection from lethal influenza
virus challenge. Furthermore, the virus without G protein had the added
advantage of not inducing neutralizing antibodies to the vector itself
(Roberts et al. 1999).

A similar approach was pursued with the aim of generating a vaccine
against hRSV. Recombinant VSV that expressed either the F or the G
protein of hRSV from additional transcription units were produced.
Both proteins were transported to the cell surface and incorporated into
VSV particles, and hRSV F protein-expressing viruses were shown to
fuse cells at neutral pH, reflecting the functionality of the incorporated
protein (Kahn et al. 1999). Mice immunized with those VSV recombi-
nants elicited hRSV-specific antibodies in serum as well as neutralizing
antibodies to hRSV and were completely protected against RSV chal-
lenge. In a second study, nonpropagating VSVs that lack the VSV G gene
and were transcomplemented with either of the RSV F and G glycopro-
teins were tested for their ability to induce protective immunity in the
mouse model. Specific antibodies against RSV, but no neutralizing anti-
bodies, were detected only in the animals immunized with the virus
transcomplemented with the RSV F protein, which were protected
against RSV challenge (Kahn et al. 2001).

Recombinant VSV expressing the MV hemagglutinin (H) protein were
generated to explore the possibility that these viruses may circumvent
the strong maternal immunity present in infants from vaccinated or pre-
viously infected mothers. The virus induced high levels of neutralizing
antibodies in cotton rats in the presence of passively transferred human
or cotton rat anti-MV antibodies and protected them from subsequent
challenge with MV. Because MV H is not a functional part of the VSV
envelope, MV-specific antibodies only slightly inhibited replication of
the recombinant virus in vitro (Schlereth et al. 2000).

In summary, VSV- and RV-based vectors have proven to be exception-
ally effective in introducing immune responses against additional viral
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pathogens, possibly because of an “adjuvant-like” effect of viral infec-
tion, based in part on the co-incorporation of certain proteins in the vi-
ral envelope. The development of rhabdovirus-based vectors as HIV vac-
cines is being pursued energetically. It may, however, be less likely that
these vectors will be used as vaccines for measles, influenza, or other hu-
man diseases for which a vaccine is available. Neither VSV nor RV repre-
sents a needed vaccine, which reduces their desirability as a vector for
the general population.

3.2.2
Multivalent Vaccine Vectors Based on Paramyxovirus

Vectors based on paramyxoviruses have also been constructed for the
expression of foreign glycoproteins and vaccine development. A safe and
effective live attenuated MV vaccine is available for protection of chil-
dren, and PIV and RSV vaccines are currently being vigorously devel-
oped. In parallel, the construction of multivalent vaccines based on
hPIV-3, a representative of the Respirovirus genus, has been sought.

By introducing the hPIV-2 HN protein in an additional transcription
unit into a recombinant hPIV-3 with the glycoproteins of hPIV-1 it was
demonstrated that this virus tolerates insertion of additional genes into
its genome. The resulting virus induced resistance against challenge with
both hPIV-1 and hPIV-2 in hamsters vaccinated intranasally (Tao et al.
2001). This demonstrated that an attenuated hPIV-3 backbone can be
used to express the antigenic determinants of heterologous PIVs as gene
substitutions (hPIV-1) and as added genes (hPIV-2). The introduction
of the MV H gene as additional transcription unit into different loca-
tions in the hPIV3wt genome, or of an attenuated hPIV-3 (rcp45L) ge-
nome, caused a modest further attenuation of the recombinant viruses
in vitro. Hamsters vaccinated with the recombinant viruses generated a
strong immune response against hPIV-3 and MV. Viruses with the
H gene at upstream positions (high expression levels) induced about
400-fold more MV-neutralizing antibodies than the virus with MV H at
a downstream position (lower expression levels) (Durbin et al. 2000).

A further attenuated virus that carried the bPIV-3 nucleoprotein (N)
instead of its own, and additionally expressed the MV H protein, proved
to be attenuated for replication but was still able to elicit a strong im-
mune response against MV and hPIV-3 in monkeys immunized in-
tranasally (Skiadopoulos et al. 2001). Moreover, a recombinant virus ex-
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pressing all of the above HN proteins (hPIV-1, -2, and -3 and MV H)
was constructed with a hPIV-3 backbone, and its pathogenicity and im-
munogenicity in the respiratory tract of hamsters were characterized.
The study clearly indicates that the type, number, and level of expression
of the foreign proteins produced do influence the efficiency of virus pro-
duction and of the immune response. Therefore, the number of foreign
proteins to be expressed by potential multivalent vaccines may be limit-
ed, but nonetheless it appears to be possible to make effective bi- and
trivalent vaccine viruses based on a hPIV backbone.

Bovine RSV, a Pneumovirus genus member, was also developed as a
multivalent vaccine vector. The tolerance of bRSV toward coexpressed
heterologous glycoproteins was explored by replacing the F and G pro-
tein individually or in concert with the F and/or HN protein of bPIV-3.
Viruses in which the G protein was replaced with the HN protein or both
glycoproteins were exchanged could be recovered, whereas viruses in
which only the F proteins were exchanged were not viable. Because RSV
requires only its F protein for replication in vitro, it seemed likely that
the expression of an additional, heterologous glycoprotein would be tol-
erated, but the recovery of a fully functional virus with completely ex-
changed envelope is remarkable (Stope et al. 2001). The efficacy of these
recombinant viruses as veterinary vaccines can now be tested.

MV is a Morbillivirus genus member of interest for human vaccina-
tion because of its ability to elicit life-long immunity. The available ex-
tremely safe live attenuated MV vaccine is an ideal base for the develop-
ment of multivalent vaccines. A recombinant MV that expressed the
small surface antigen of hepatitis B virus (HBsAg) produced humoral
immune responses against HBsAg as well as MV. The appropriately gly-
cosylated HBsAg was uniformly expressed after 10 passages, indicating a
sufficient stability of the transgene (Singh et al. 1999). Recombinant MV
expressing either the mumps HN or F or the SIV gag, pol, or env pro-
teins from an additional transcription unit have also been characterized.
The expression of the respective additional proteins, with the exception
of mumps F, was maintained for up to 20 passages (Wang et al. 2001),
but the effectiveness of those viruses as vaccines has not been tested in
animals yet. In the MV system, an envelope exchange protocol was also
developed. Replacement of the F and H glycoproteins with the VSV G
protein was possible, but virus particle assembly was slightly more effi-
cient in the presence of the F protein cytoplasmic tail. Mice immunized
with a recombinant MV expressing the VSV G protein instead of its en-
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dogenous envelope were protected against challenge with lethal doses of
wild-type VSV (Spielhofer et al. 1998).

Finally, the potential of the other Respirovirus Sendai virus (SeV) as a
vaccine vector was also assessed. SeV is highly virulent for mice, and
therefore the study of virus-host interactions in this homologous small-
animal model is straightforward. HIV-1 env was introduced into an at-
tenuated SeV mutant with enhanced gene expression due to the func-
tional inactivation of the nonessential V gene. The protein was expressed
stably at high levels, was readily purified from the culture supernatant,
and maintained its functionality and immunological properties (Yu et al.
1997). By employing a prime/boost regimen, the efficacy of a SeV vector
in protecting macaques from AIDS was tested in combination with a
naked DNA vaccine priming. A single boost with SeV expressing HIV-1
gag efficiently generated a secondary immune response in macaques
primed with env- and nef-deleted proviral DNA and protected from
acute CD4 depletion after challenge with intravenous SHIV89.6PD, a
highly virulent strain. The animals also showed greatly reduced peak vi-
ral loads compared with controls. Vaccination with the DNA alone or
SeV gag alone was not enough to confer the consistent protection from
CD4 cell depletion, although it led to efficient secondary CD8 T-cell re-
sponses, indicating the value of the prime/boost strategy (Matano et al.
2001). In summary, paramyxoviruses of different subfamilies are cur-
rently being developed as multivalent vaccine vectors. The different
characteristics of these viruses may result in a number of different vec-
tor applications. In particular, paramyxovirus-based vaccines with the
potential of being rapidly developed for clinical trials include MV or SeV
expressing HIV antigens and pediatric vaccines based on hPIV back-
bones.

4
Cytoreductive Virotherapy

The cytoreductive potential of certain negative-strand RNA viruses was
characterized as early as the 1950s, but virotherapy was superseded
when chemo- and radiotherapy proved effective and easier to control.
Recently, the resistance of many cancers to those conventional therapies
and the development of reverse genetics systems have revitalized the vi-
rotherapy field (Ring 2002; Russell 1994). Current developments in this
field include clinical trials with natural and recombinant virus strains
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and much-needed investigations of the mechanisms of oncolysis. Here
we review the developments based on natural or recombinant negative-
strand RNA viruses that are being evaluated as vaccines boosting immu-
nity against cancerous cells or as vectors capable of eliciting the elimina-
tion of infected cells by cytolysis.

4.1
Newcastle Disease Virus

The cytoreductive potential of Newcastle disease virus (NDV), an avian
paramyxovirus, has been thoroughly investigated. A large variety of hu-
man tumor cells were shown to support efficient NDV replication inde-
pendently of tumor cell proliferation. Such a property makes NDV a suit-
able agent for immunotherapy: stimulation of the immune response
against the tumor. In this experimental therapy freshly isolated and
gamma-irradiated patient-derived tumor cells are modified by NDV in-
fection with the aim of eliciting an immune response against the tumor
after immunization with the protein preparation, and the therapy does
not involve exposure of patients to replicating virus. For the apathogenic
nonlytic strain NDV-Ulster, used in clinical vaccine trials, selective repli-
cation in tumor cells compared with corresponding normal cells was
characterized (Schirrmacher et al. 1999). Clinical protocols were based
on the vaccination of patients with lysate of allogeneic and autologous
tumor cells previously infected with live NDV, which resulted in a
marked increase in short- and long-term survival rates in patients with
various tumors, with no adverse effects (Batliwalla et al. 1998; Ockert et
al. 1996). It appeared that immunomodulation with autologous or alloge-
neic tumor cell vaccines is mainly due to cytokine induction, whereas
tumor-specific humoral or cellular responses are not detectable in the
peripheral blood of patients (Zorn et al. 1997).

In addition, the benefits of direct application of replication-competent
NDV have increasingly been explored during recent years, leading to
promising results for the virotherapy in initial clinical trials. NDV
strains with more or less extensive cytopathic effect (in short lytic or
nonlytic) strains were compared with regard to their antitumor effects
after local or systemic application. When tumor cells were preinfected in
vitro, it appeared that the non-lytic strain showed stronger antitumor
activity, whereas only the lytic strains were effective for the treatment of
preestablished human melanomas by intratumoral injection of NDV. In-
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tra- or peritumoral application of NDV or NDV-infected tumor cells
showed more pronounced antitumoral activity than systemic application
(Schirrmacher et al. 2001). With the use of human carcinoma xenografts
in athymic mice, it was shown that NDV administered either locally or
systemically is an effective antitumoral therapy in this system and that
replication competence was necessary for maximal effect. Furthermore,
it was demonstrated that multiple NDV doses are more effective than a
single dose (Phuangsab et al. 2001). Together, these data indicate that
both a direct cytopathic effect of NDV and the indirect activation of an
antitumoral immune response contribute to oncolysis.

Clinical phase I trials based on the above experiments have been per-
formed. In these trials, it was observed that repeated intravenous admin-
istration of up to 100 times 10° plaque-forming units of the NDV strain
PV701 to patients with treatment-resistant solid tumors was well tolerat-
ed; furthermore, in a few cases NDV treatment may have resulted in pro-
gression-free survival. Adverse effects were observed: They consisted of
flulike symptoms that decreased with each subsequent dose, tumor site-
specific adverse effects, and acute dosing reactions, but there was no cu-
mulative toxicity. Thus virotherapy with NDV will be explored further
(Pecora et al. 2002).

4.2
Vesicular Stomatitis Virus

VSV has been identified as another candidate vector for cytoreductive
therapy, because it is minimally pathogenic for humans and extremely
sensitive to the antiviral effects of interferon (IFN). It was demonstrated
that it selectively induces the cytolysis of numerous transformed human
cell lines in vitro and potently inhibits the growth of p53-null C6 glio-
blastoma tumors in vivo without replicating in normal tissue. Inhibition
of VSV replication is due to the presence of the double-stranded RNA-
activated protein kinase PKR and a functional IFN system in primary
human cells (Balachandran and Barber, 2000; Dummer et al. 2001; Stojdl
et al. 2000). VSV replicates selectively in tumor cells that are defective in
p53 function or transformed with myc. Cells expressing activated ras are
also susceptible to viral cytolysis in vivo. VSV was oncolytic in the ab-
sence of any significant cytotoxic T-lymphocyte response, and VSV in-
fection resulted in significant inhibition of tumor growth after intrave-
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nous administration in immunocompetent hosts (Balachandran et al.
2001).

To enhance the VSV oncolytic activity, recombinant viruses express-
ing thymidine kinase (TK) or the cytokine interleukin 4 (IL-4) were pro-
duced and their antitumoral activity was characterized in the same sys-
tem. In vitro, high levels of biologically active TK or IL-4 were de-
tectable, and the viruses replicated at similar levels as the parental virus.
After direct intratumoral inoculation, VSVs expressing either TK or IL-4
were considerably more oncolytic in syngeneic breast or melanoma tu-
mors in mice than the parental virus. In addition, VSV expressing IL-4
or TK, but not GFP, was more effective against metastatic disease after
intravenous administration. This demonstrates the validity of the ap-
proach based on recombinant VSV expressing conditionally toxic or im-
munostimulating proteins for the treatment of malignant diseases (Fer-
nandez et al. 2002).

The target of cytoreductive virotherapy has recently been extended
from cancer to infectious diseases. Two groups (Mebatsion et al. 1997;
Schnell et al. 1997) have presented an original approach for targeting
and eliminating HIV-infected cells, and thus toward the treatment of
AIDS, relying on Rhabdovirus vectors. These authors hypothesized that
it may be possible to replace the envelope protein of the two rhab-
doviruses, VSV and RV, with CD4 and CXCR4, the receptor and corecep-
tor of HIV-1. In particular, it was envisaged that the recombinant viruses
may selectively infect cells expressing the HIV-1 glycoprotein env. To test
this hypothesis in the VSV system, the HIV-1 receptor and coreceptor
were expressed from an additional transcription unit, whereas for
RV these proteins were provided in trans by an expression plasmid
(Mebatsion et al. 1997; Schnell et al. 1997). Indeed, the viruses were un-
able to infect normal cells but replicated efficiently in HIV-1-infected
cells that were killed because of the lytic character of a VSV infection.
The recombinant VSV led to a reduction of the HIV titer by 10* in
HIV-1-infected cells that were superinfected with this virus (Schnell et
al. 1997). In both the VSV and RV systems, the cytoplasmic tails of the
foreign glycoproteins were replaced by that of the respective G protein
to ensure efficient incorporation into viral particles. Targeting one virus
to cells infected by another could result in decrease of viral load and
thus control disease progression. This strategy may be applicable not
only for HIV but also for other chronic viral diseases.
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4.3
Measles Virus

Infection with wild-type strains of MV causes considerable morbidity
and mortality, which result from the profound immune suppression that
accompanies infection. However, measles can be effectively prevented by
vaccination. The live attenuated vaccine strain Edmonston is one of the
safest and most successful vaccines in use and is recommended even for
vaccination of HIV-infected children other than those severely immuno-
compromised (Moss et al. 1999). The oncolytic properties of MV make
it particularly suitable for development as a cytoreductive agent de-
signed to eliminate cancerous cells. There have been several reports of
regression of Hodgkin and non-Hodgkin lymphoma after natural MV
infection (Bluming and Ziegler 1971; Taqi et al. 1981). Moreover, the MV
vaccine strain replicates considerably more efficiently in PBMC of my-
eloma patients than in PBMC of healthy controls. Finally, it was shown
that intratumoral injection of unmodified MV induces the regression of
large established human lymphoma or myeloma xenografts in immuno-
compromised mice and that intravenous administration of MV also re-
sults in considerable slowing of tumor progression (Grote et al. 2001;
Peng et al. 2001).

A major issue in regard to the application of MV-based therapeutics
is the high prevalence of antibodies in the population. Even if in mice
the antitumoral effect still occurred in the presence of passively trans-
ferred anti-MV antibodies, the effects of anti-MV antibodies and the
strong immunosuppressive properties of the virus must be examined
further before a therapeutic application is possible. Possible measures to
counteract the effects of antibodies are plasmaphoresis or envelope ex-
change, as demonstrated with VSV. Measures counteracting immuno-
suppression may include weakening the interactions with its receptor,
the immune cell-specific protein SLAM (CD150), and expression of
IL-12, a cytokine that is downregulated in MV infections.

The demonstration that MV can enter cells through targeted recep-
tors, for example, via proteins overexpressed in certain types of cancer
like the EGF receptor or carcinoembryogenic antigen (CEA), has broad-
ened the scope of MV-based oncolytic therapy (Hammond et al. 2001;
Schneider et al. 2000). To redirect cell entry, replicating MVs have been
engineered in which the gene for the standard attachment (H) protein is
replaced by one with an additional specificity domain, namely, EGF or
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single-chain antibody against CEA, appended to the ectodomain. In all
protein hybrids a flexible linker inserted between the H ectodomain and
the specificity determinant reduces structural constraints on the protein
hybrid. This genetic “single-chain antibody display” technology appears
to be broadly applicable: Recombinant MV that enter cells through
CD20, a lymphoma-specific protein, or CD38, a myeloma specific pro-
tein, have been developed (Bucheit et al. 2003; Peng et al. 2003). Thus it
is possible to use specificity domains as diverse as growth factors or sin-
gle-chain antibodies to confer entry through targeted receptors.

However, all the above viruses also maintain the ability to enter cells
via the natural receptors, the immune cell-specific protein (CD150) and
the ubiquitous protein CD46 (MCP). Several residues supporting the in-
teractions of MV H with one or the other of these natural receptors have
been identified recently, and recombinant viruses that efficiently enter
cells through only one of the natural receptors have been produced
(Vongpunsawad et al. 2004). Even if exclusive targeting to a predeter-
mined receptor may be difficult, the available viruses will make it possi-
ble to address in vivo questions regarding virus dissemination and
pathogenesis/therapeutic effects. Moreover, even preferential targeting
of certain tumor markers may improve the specificity and efficacy of re-
combinant MV in oncolytic therapy.

4.4
Other Viruses, Other Applications

Certain strains of the segmented negative-strand RNA virus influenza A
were also considered as antitumoral agents in the 1960s and 1970s. More
recently, a protocol based on the nesting of cytotoxic T cell epitopes of
tumor-associated antigens (TAA) within the HA or NA open reading
frame has been developed. Initially, it was shown that recombinant influ-
enza viruses expressing a model TAA mediated the regression of estab-
lished pulmonary metastases in mice through the induction of cytotoxic
T-cell responses (Restifo et al. 1998). This study was expanded by using
survival as the end point of the assay. Animals with a high tumor burden
showed extended survival times when treated with a recombinant influ-
enza virus expressing a TAA, but they finally succumbed, presenting a
small number of large tumors in the lungs, which no longer expressed
the TAAs. On the other hand, mice with a lower tumor burden showed
complete tumor regression and survival for more than 6 months, and
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were protected against tumor challenge, when treated with the recombi-
nant virus (Zheng et al. 2000).

The above experimental systems have been developed with the aim of
eliminating cancerous or HIV-infected cells. On the other hand, a para-
myxovirus has been developed for the purpose of delivering therapeutic
genes and thus for the correction of metabolic diseases. Toward this
aim, genes of interest have been introduced into an additional transcrip-
tion unit in the SeV genome. With viruses that express 3-galactosidase,
high efficiency of gene transfer into lung epithelial cells of different spe-
cies was characterized in vivo (Yonemitsu et al. 2000). Moreover, the in-
tramuscular injection of a recombinant SeV expressing the human insu-
lin-like growth factor induced significant myofiber regeneration. Trans-
gene expression was observed up to 1 month after injection into the rat
anterior tibialis muscle (Shiotani et al. 2001). The attractive features of
this system are entry efficiency and high expression levels combined
with virtually no preexisting antiviral immunity in the general popula-
tion. However, the issue of the immune response antagonizing long-term
expression from a nonintegrating, replication-competent virus must be
resolved if chronic diseases like cystic fibrosis are targeted. Vectors
based on replicating viruses may be easier to apply to cytoreductive
therapy: In these protocols, a strong immune response is expected to
synergize with viral replication in eliciting a long-term effect.

5
Conclusions and Perspectives

More than 200 years ago, Jenner showed that inoculation of humans
with a nonpathogenic animal virus (cowpox or, later, vaccinia virus)
conferred protective immunity against a related human pathogen (vario-
la virus, or smallpox). Because the animal virus was derived from cattle
(Latin, vacca), the process was named vaccination. Fifty years ago, with
the advent of methods for in vitro virus cultivation, vaccines against sev-
eral additional human viruses were produced by attenuation of these
viruses by passage on cells derived from other species or on eggs. Today,
detailed knowledge of the biology and pathology of viruses allows us not
only to devise rational approaches to virus attenuation but also to ex-
tend the scope of vaccination to more than one pathogen. Reverse genet-
ics has been instrumental in testing these new concepts, initially with
positive-strand RNA viruses and DNA viruses. The urgency of imple-
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mentation of new vaccination strategies has received an additional boost
by the specter of the use of viruses as biological warfare or bioterrorism
agents.

Negative-strand RNA viruses have waited for reverse genetics much
longer, but now their biological characteristics predestine them to lead
exciting developments in vaccination against multiple pathogens, includ-
ing HIV, and possibly even in therapeutic clinical interventions against
different types of cancer or certain infectious diseases. The versatility of
the envelope structure that is not constrained by icosahedral symmetry
allows the encapsidation of genomes of vastly different lengths. In
Paramyxoviridae the distribution of receptor attachment and membrane
fusion functions on two proteins facilitates engineering of targeted
viruses. In general, the simplicity of the viral envelope and its tolerance
for the incorporation of foreign proteins qualify these viruses as pre-
ferred vectors.

An exciting prospect is the transformation of negative-strand RNA
viruses into targeted therapeutics. This aim is currently being pursued
with different families of viruses, and again the variable cargo capacity
and the relatively straightforward engineering have allowed a swift pace
of progress. In particular, the principle of using alternative receptors for
cell entry has been established with a paramyxovirus: It was shown that
recombinant measles viruses displaying different single-chain antibodies
as an extension of their attachment protein selectively enter cells
through the targeted receptor. Moreover, a few negative-strand RNA
viruses do replicate preferentially in transformed cells; it is now essential
to elucidate the basis for this attenuation in order to rationally pursue
oncolytic virotherapy.
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Abstract Influenza viruses cause annual epidemics and occasional pan-
demics of acute respiratory disease. Vaccination is the primary means to
prevent and control the disease. However, influenza viruses undergo
continual antigenic variation, which requires the annual reformulation
of trivalent influenza vaccines, making influenza unique among patho-
gens for which vaccines have been developed. The segmented nature of
the influenza virus genome allows for the traditional reassortment be-
tween two viruses in a coinfected cell. This technique has long been used
to generate strains for the preparation of either inactivated or live atten-
uated influenza vaccines. Recent advancements in reverse genetics tech-
niques now make it possible to generate influenza viruses entirely from
cloned plasmid DNA by cotransfection of appropriate cells with 8 or 12
plasmids encoding the influenza virion sense RNA and/or mRNA. Once
regulatory issues have been addressed, this technology will enable the
routine and rapid generation of strains for either inactivated or live at-
tenuated influenza vaccine. In addition, the technology offers the poten-
tial for new vaccine strategies based on the generation of genetically en-
gineered donors attenuated through directed mutation of one or more
internal genes. Reverse genetics techniques are also proving to be impor-
tant for the development of pandemic influenza vaccines, because the
technology provides a means to modify genes to remove virulence deter-
minants found in highly pathogenic avian strains. The future of influen-
za prevention and control lies in the application of this powerful tech-
nology for the generation of safe and more effective influenza vaccines.

1
Introduction

Vaccination is the primary means for the prevention of human disease
caused by influenza viruses. The currently licensed trivalent inactivated
vaccine (TIV) has changed little since its development over 50 years ago.
Newer, improved vaccines are desirable; live attenuated influenza vac-
cines (LAIV) have been studied extensively, and are now licensed in the
U.S. Any influenza vaccine must keep pace with antigenic drift by con-
tinual reformulation to reflect changes in the major surface glycopro-
teins of influenza A and B viruses. The segmented nature of the influen-
za virus genome has in the past allowed for the generation of candidate
vaccine strains for either the conventional TIV or LAIV with traditional
reassortment techniques. However, the technique of reverse genetics, the



Influenza Vaccines Generated by Reverse Genetics 315

generation of negative-sense RNA viruses from cloned cDNAs, has now
reached a level of sophistication that enables the generation of virtually
any influenza virus, including candidate vaccine strains for either TIV or
LAIV. The recently improved reverse genetics technology allows not only
the rapid generation of vaccine strain but the ability to manipulate genes
for further attenuation and safety of vaccines. In this chapter, we review
influenza as a disease, the variability of influenza viruses and the ramifi-
cations for the development of effective vaccines, the development and
characterization of LAIV, and the application of reverse genetics to the
development of vaccines against both epidemic and pandemic influenza.

2
Influenza Viruses and the Disease

Influenza A and B viruses are the cause of annual epidemics of acute res-
piratory disease among humans. Influenza A viruses also cause occa-
sional pandemics of influenza that are characterized by the spread, in a
serologically naive human population, of a novel virus that has acquired
one or both surface glycoproteins from an animal influenza virus. Influ-
enza viruses are transmitted among humans primarily by small-particle
aerosol generated by infected persons during coughing and sneezing. In-
fluenza infection is characterized by the abrupt onset of systemic symp-
toms including fever, myalgia, headache, and malaise and respiratory
symptoms including sore throat, rhinitis, and cough. Acute illness may
last 3-4 days, although malaise and cough may persist for 1-2 weeks.
Pulmonary complications due to primary viral pneumonia are associat-
ed with high mortality and are rarer than secondary bacterial pneumo-
nia, which typically occurs in the early convalescent stages of illness.
Other rare complications of influenza include myocarditis, pericarditis,
and neurological sequelae (Nicholson 1998).

Influenza A and B viruses are negative-sense RNA viruses belonging
to the family Orthomyxoviridae. Influenza A and B virus genomes con-
sist of eight segments of RNA encoding nine structural and two non-
structural proteins (Wright and Webster 2001; Chen et al. 2001). Hemag-
glutinin (HA) and neuraminidase (NA) are transmembrane glycopro-
teins that protrude from the lipid envelope on the viral surface. HA me-
diates the attachment and penetration of the virus into a susceptible host
cell and is the major target of antibodies that neutralize the infectivity of
the virus. NA is a sialidase that mediates the release of progeny virus
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from host cell membrane and is also a target of antibodies. A third trans-
membrane surface protein, M2, is an ion channel found in influenza A
viruses and is essential for virus uncoating. Another transmembrane
protein, NB, encoded by RNA segment 6 is found in influenza B viruses.
The matrix (M1) protein is the major structural protein that underlies
the lipid membrane and interacts with multiple viral components. The
ribonucleoprotein (RNP) complex is formed by the nucleoprotein and
three polymerase genes, PB2, PB1, and PA. A nonstructural gene en-
codes two proteins: NS1, which is found only in the virus-infected cells,
and NEP (also known as NS2), which is a minor virion component in-
volved in nuclear export of RNP. An additional small nonstructural pro-
tein derived from the +1 reading frame of the PB1 gene has recently
been identified (Chen et al. 2001).

3
Burden of Disease

Infection rates for epidemic influenza are highest among children. How-
ever, serious illness, hospitalization, and death are greatest among per-
sons 65 years of age and over, children less than 2 years of age, or per-
sons of any age who have certain chronic medical conditions. Epidemic
influenza is responsible for an average of 114,000 hospitalizations and
20,000 deaths per year in the United States (Centers for Disease Control
and Prevention 2002). Influenza-related deaths are primarily a result of
pneumonia or exacerbation of cardiopulmonary disorders or other
chronic diseases. More than 90% of influenza-related deaths occur in
older adults. It has been estimated that the next influenza pandemic will
result in up to 730,000 hospitalizations and 207,000 deaths in the U.S.
alone (Meltzer et al. 1999). Demographics of previous pandemics indi-
cate that a higher proportion of deaths occur in persons <65 years of
age in the initial pandemic period (Simonsen et al. 1998).

4
Antigenic Variability

Antigenic variability is the hallmark of influenza viruses. Two mecha-
nisms of variation exist. The first, termed antigenic drift, occurs in both
influenza A and B viruses and is a result of the accumulation of point
mutations in the viral HA and NA genes and selection of variants with



Influenza Vaccines Generated by Reverse Genetics 317

amino acid mutations that enable the virus to escape neutralization by
antibody acquired from previous infections or immunization. Antigenic
drift leads to the emergence of new epidemic strains and is the force that
drives the continual evolution of influenza viruses in humans. The sec-
ond form of variation, termed antigenic shift, occurs only in influenza A
viruses, of which there are 15 HA (H1-H15) and 9 NA (N1-N9) sub-
types. All these subtypes exist in aquatic bird species (Webster et al.
1992). Mammals including humans, swine, horses, and some sea mam-
mals may act as hosts for a limited number of influenza A subtypes. An-
tigenic shift occurs when a virus with a novel HA, with or without other
accompanying genes derived from an avian or animal source, appears in
humans. Antigenic shift may result in a pandemic if the novel virus is
capable of spreading from person to person within a serologically naive
and susceptible population. Only HIN1, H2N2, and H3N2 viruses have
emerged in humans as pandemic strains. Although highly pathogenic
avian H5N1 viruses infected humans in Hong Kong in 1997, they were
unable to transmit efficiently among humans. Currently, influenza A
HIN1 and H3N2 viruses and influenza B viruses cocirculate in humans.
During the 2001-2002 influenza season in the northern hemisphere,
HI1N2 reassortant viruses were also isolated from individuals with influ-
enza-like illness (Gregory et al. 2002).

5
Vaccine Strain Selection

The continual variation that influenza viruses undergo makes them un-
ique among pathogens for which vaccines have been developed. The
continual emergence of variants of influenza A and B viruses necessi-
tates the annual reformulation of the TIV. Identification of new variants
with epidemic potential is based on global virological and epidemiologi-
cal surveillance conducted by the international World Health Organiza-
tion (WHO) network of laboratories. The global surveillance network
identifies and characterizes influenza viruses isolated from humans dur-
ing influenza seasons in the northern and southern hemispheres, as well
as unusual viruses with pandemic potential (Cox et al. 1994). Viruses
with variant HA molecules are first identified by antigenic analyses us-
ing reference viruses and antisera. The nucleotide sequence of the HA
genes is analyzed to identify amino acid mutations in key antigenic sites
and provide important information on the molecular evolution of influ-
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enza viruses. Retrospective analysis has determined that variants re-
sponsible for major epidemics typically have at least three or four muta-
tions in at least two of the five antigenic sites located on the HA1 domain
that forms the globular head of the HA molecule (Cox and Bender
1995). If a variant is detected that also reacts poorly with human sera
from individuals vaccinated with the existing vaccine, and epidemiologi-
cal surveillance confirms geographic spread, this variant becomes a can-
didate for the new season’s vaccine. Currently, vaccine strain selection
occurs biannually; vaccine strain selection for the northern hemisphere
occurs in February, whereas selection of vaccine strains for the southern
hemisphere occurs in September. Once an influenza A wild-type variant
is selected, a high growth reassortant is generated and further character-
ized to confirm antigenic identity with the parental wild-type strain. The
realization that novel epidemic strains may emerge from China or south-
ern Asia has increased awareness of the importance of heightened sur-
veillance in this area (Cox et al. 1994). Likewise, enhanced surveillance
in southern Asia is important for pandemic preparedness because the
region has been implicated as an epicenter for the emergence of future
pandemic strains (Webster et al. 1992).

6
Current Influenza Vaccines

Vaccination is the primary method for the prevention of influenza and
its complications in the community. Inactivated trivalent influenza vac-
cines contain three components, HIN1 and H3N2 influenza A strains
and an influenza B strain. Both influenza A components are high-growth
reassortant viruses that typically contain the HA and NA genes from the
wild-type epidemic strain and the six internal genes from a laboratory-
adapted parent strain A/Puerto Rico/8/34 that confers the property of
high yield in embryonated eggs. Annual vaccination with the currently
licensed inactivated trivalent vaccine is recommended for persons at in-
creased risk for complications from influenza. These includes persons
65 years of age and over, residents of nursing homes and other chronic-
care facilities, persons of any age with chronic pulmonary, cardiovascu-
lar, metabolic, or immunosuppressive disorders, children and adoles-
cents who are receiving long-term aspirin therapy, and women who will
be in the second or third trimester of pregnancy during the influenza
season (Centers for Disease Control and Prevention 2002). Vaccination
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is also recommended for health care workers and others who provide
care to persons in high-risk groups. Because the prevalence of high-risk
conditions is increased in persons aged 50-64 years, annual influenza
vaccination is also recommended for this age group. Influenza vaccina-
tion is encouraged in children at 6-23 months of age because this age
group is now recognized to have an increased risk for hospitalization
due to influenza (Izurieta et al 2000; Neuzil et al. 2000); the recommen-
dation for vaccination of this age group in the U.S. is currently under
consideration.

The licensed inactivated vaccine is administered by intramuscular in-
jection and induces immunity to infection in 70-90% of healthy adults
<65 years of age when there is a good antigenic match between vaccine
and circulating virus strains (Palache 1997; Bridges et al. 2000). Immuni-
ty induced by inactivated influenza vaccines is based primarily on the
induction of neutralizing serum antibody directed against the HA of the
vaccine strain. The serum antibody induced by inactivated vaccine is
strain specific, and antigenic differences between the vaccine and circu-
lating strain may reduce the efficacy of the vaccine. Although the major-
ity of children and young adults develop levels of postvaccination HI an-
tibody considered to be protective (titers>40), older adults and persons
with chronic diseases develop lower anti-HA antibody responses after
vaccination. In elderly individuals 65 years of age and over, the inactivat-
ed influenza vaccine is only 30-50% effective in preventing influenza ill-
ness (Govaert et al. 1994; Patriarca et al. 1985). Nevertheless, the inacti-
vated vaccine is 50-80% effective in preventing influenza-related hospi-
talizations and deaths in this population (Patriarca et al. 1985; Nichol et
al. 1998). An additional limitation of the intramuscularly delivered inac-
tivated vaccine is the relatively poor induction of local IgA antibody re-
sponses in respiratory secretions and cell-mediated immunity, which are
thought to play an important role in protection or recovery from infec-
tion, respectively.

7
Live Attenuated Influenza Vaccines

The development of safe, stable, and effective live attenuated influenza
vaccines has long been a goal of vaccine researchers. Theoretically, live
vaccines delivered intranasally and designed to replicate to a limited ex-
tent in the upper respiratory tract should induce immunity similar to
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that induced by natural infection. Thus such vaccines have the potential
to provide immunity superior to that induced by conventional inactivat-
ed vaccines. The need to continually update vaccines with the HA and
NA genes of currently circulating influenza strains necessitated the de-
velopment of master (or donor) strains that conferred the attenuation
phenotype based on the constellation of internal genes. The segmented
viral genome of influenza allows for the preparation of a vaccine strain
by reassortment between a master attenuated strain, conferring the at-
tenuation phenotype within the six internal genes and the wild-type cir-
culating strain providing the antigenically relevant HA and NA genes.
Such a virus is termed a 6:2 reassortant. Three main approaches have
been used in the development of live attenuated influenza master
strains.

7.1
Host-Range Vaccines

For influenza A viruses, the availability of animal viruses possessing
highly related but host-specific internal genes offered the possibility of
developing a master strain from a nonhuman virus that was naturally at-
tenuated in humans. The use of such host-range variants overcame the
need for derivation of the attenuation phenotype by laborious in vitro
passaging. A number of avian influenza A viruses were found to exhibit
restricted replication in nonhuman primates (Murphy et al. 1982a). One
of these, A/Mallard/New York/6750/78, was used to develop attenuated
avian-human reassortant viruses. Reassortants that possessed the six in-
ternal genes from the avian virus and the HA and NA genes from a cir-
culating human influenza H3N2 virus exhibited restricted replication
in the upper respiratory tract of nonhuman primates and humans and
were safe, genetically stable, and immunogenic in seronegative adults
(Clements et al. 1992). Although multiple genes contributed to the atten-
uation phenotype, the avian PB2 gene conferred a host range restriction
phenotype that restricts replication in mammalian cells (Clements et al.
1992; Subbarao et al. 1993b). Because additional clinical trials estab-
lished that some avian-human reassortants possessed some residual vir-
ulence in infants and children, the use of host-range restriction for the
development of live attenuated influenza vaccines has not been pursued
(Steinhoff et al. 1991).
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7.2
Temperature-Sensitive Vaccines

Growth of influenza virus in the presence of the mutagen 5-fluorouracil
was used to predictably generate mutants that exhibited restricted
growth at 37°C in vitro, that is, a temperature-sensitive (¢s) phenotype,
and restricted replication in the lower respiratory tract of animals at
37-38°C. In the cooler temperature (32-33°C) of the upper respiratory
tract, the fs mutants replicated and induced antibody that protected
mice from lethal infection with wild-type virus (Mills and Chanock
1971). Two master strains were developed and used to generate reassor-
tant vaccine strains. However, ts reassortants proved to be genetically
unstable. Loss of the ts phenotype and reversion to virulence was ob-
served in clinical trials, and the further development of such vaccines
was not pursued (Tolpin et al. 1981).

7.3
Cold-Adapted Vaccines

Adaptation of human influenza viruses for growth at less than optimal
temperatures results in decreased virulence (Maassab 1967). This strate-
gy has been used by both U.S. and Russian investigators to generate
highly stable master strains of influenza A and B viruses with an attenu-
ated cold-adapted (ca) phenotype. The ca vaccines are the most promis-
ing candidates for LAIV.

7.3.1
U.S. ca Vaccines

Influenza A (A/Ann Arbor/6/60) and B (B/Ann Arbor/1/66) master ca
strains currently used to generate LAIV in the U.S. were isolated on
chick kidney cells and were adapted for growth at 25°C by a total of 32
stepwise passages at successively lower temperatures. These donor
strains replicate efficiently at 25°C and 33°C but fail to replicate efficient-
ly at temperatures above 37°C, and thus they have not only a ca pheno-
type but also a ts phenotype (Maassab 1968). The ca virus was substan-
tially attenuated (att phenotype) for growth in ferrets and rodents. In
contrast to the wild-type virus from which it was derived, the ca virus
did not replicate in the warmer temperatures found in the lungs of fer-
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rets. Furthermore, the ca virus was also attenuated in the upper respira-
tory tract, replicating to lower titers and for a shorter period than the
wild-type virus (Maassab et al. 1982). The ca and ts phenotypes clearly
correlated with loss of virulence in ferrets. Recombinant vaccine viruses
that possess six internal genes from the donor ca strain and the HA and
NA genes from the wild-type epidemic strain are generated by tradition-
al reassortment techniques. The resulting 6:2 reassortants possess the at-
tenuation phenotypes of the donor strain and the desired antigenic
properties of a given epidemic variant. Such recombinants retain the at-
tenuated growth phenotype of the ca donor in both animals and humans
(Maassab et al. 1982; Murphy and Coelingh 2002), indicating that the ca
donor internal genes confer these properties (see below). The ca reassor-
tant vaccine strains are at least 1,000-fold less infectious than wild-type
viruses in seronegative individuals, and seronegative hosts are 10-fold
more susceptible to infection with ca vaccine strains than are seroposi-
tive individuals. Doses of 107 50% tissue culture infectious doses
(TCIDsy) are typically safe and immunogenic in all age groups.

7.3.2
Russian ca Vaccines

Cold-adapted master strains for attenuated influenza vaccines were also
developed and licensed for use in Russia. Influenza vaccine prevention
programs in children and working-age adults in the former USSR and
Russia have been based almost exclusively on the use of ca vaccines. Two
master influenza A virus ca strains were derived from A/Leningrad/134/
57 (H2N2) that had been passaged in embryonated hens’ eggs at least 20
times before attenuation. Attenuation was achieved by 17 or 47 further
passages in eggs at reduced temperatures, primarily at 25-26°C, result-
ing in the two ca donor strains, A/Leningrad/137/17/57 and A/Lenin-
grad/137/47/57, respectively. These ca viruses were also temperature sen-
sitive, failing to replicate efficiently in eggs at 39°C (Kendal et al. 1981).
The former virus is licensed in Russia for the preparation of reassortant
ca vaccines for use in working-age adults, whereas the latter, more atten-
uated donor strain is licensed for use in the preparation of ca vaccines
for children 3-14 years of age. Live attenuated vaccines based on these
donor strains and influenza B virus donor strain B/USSR/60/69 have
been widely used in Russia for the annual vaccination of working-age
adults and children (Kendal 1997; Rudenko and Alexandrova 2001). The
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infectivity of an HIN1 ca recombinant generated with the A/Leningrad/
134/17/57 ca donor was shown to be similar to a recombinant produced
with the A/Ann Arbor/6/60 in both seronegative and seropositive indi-
viduals (Nicholson et al. 1987).

8
Genetic Basis of Attenuation and Stability of ca Vaccines

The genetic basis of the attenuation phenotypes of ca vaccines has been
investigated by comparing the nucleotide sequences of the entire gen-
omes of cloned ca donor strains with those of the wild-type viruses. Us-
ing a wild-type virus that had been passaged multiple times in eggs at
34°C for comparison, 11 amino acid substitutions and 2 non-coding re-
gion changes in six gene products were identified in the ca A/Ann Ar-
bor/6/60 donor strain (Table 1) (Cox et al. 1988). Further sequence com-

Table 1 Amino acid sequence comparison of influenza A wt and ca master donor
strains

Gene product ~ A/Ann Arbor/6/60° A/Leningrad/137/57°
Amino acid Amino acid
Residue wt ca Residue wt cal7 ca 47
PB2 265°¢ N S 478 \"% L L
490 S - R
PB1 391 K E 265 L N N
457 E D 317 M - I
581 E G 591 \Y% I I
661 A T
PA 613 K E 28 L P P
715 L P 341 \Y% L L
NP 23 T N 341 1 - I
34 N G
Ml - 15 I \Y% \"%
M2 86 A S 86 A T T
NS1 153 A T -
NS2 - 100 M I I

3 From Cox et al. 1988 and Herlocher et al. 1996.
b From Klimov et al. 1992.

¢ Amino acids in bold are those associated with s phenotype as defined in Jin et al.
2003.
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parison of the ca donor strain with several closely related A/Ann Arbor/
6/60 wild-type stains representing different passage levels identified sev-
en coding changes in five gene products (Table 1) (Herlocher et al.
1996). A similar level of divergence was observed between the Russian
wild type and ca donor strain A/Leningrad/137/17/57, which varied from
wild-type virus by eight amino acids in six gene products. The A/Lenin-
grad/137/47/57 donor strain contained an additional two amino acid
substitutions, one in PB1 and one in PB2, and a third novel substitution
in NP (Table 1) Klimov et al. 1992). The use of single gene reassortants
possessing only a single gene from the ca A/Ann Arbor virus established
that the PA gene specified the ca phenotype, whereas the PB1 and PB2
genes each specified the ts phenotype and all three of these genes con-
tributed independently to the att phenotype. Although the M gene was
initially also implicated in the att phenotype, further studies determined
that this was the effect of the gene constellation of a particular 6:2 ca re-
assortant virus (Snyder et al. 1988; Subbarao et al. 1992). Recent studies
to establish the genetic determinants of the ¢s phenotype of the U.S. mas-
ter donor virus, the property expected to contribute to the attenuation
of the vaccine in humans, have been refined by the application of reverse
genetics. The ts phenotype of ca A/Ann Arbor was mapped to four ma-
jor loci in the PB2, PB1, and NP genes of the ca A/Ann Arbor virus with
contribution of an additional mutation in PB1 (Table 1) (Jin et al. 2003).
With traditional single gene reassortment techniques, in the A/Lenin-
grad/137/17/57 ca donor strain, the PA and PB2 genes each specified the
ca phenotype whereas the PB1 and PB2 genes each specified the ts phe-
notype. Of the single gene reassortants possessing a ca and/or ts pheno-
type, only those possessing either the PB1 or the PB2 gene were attenu-
ated in ferrets (Klimov et al. 2001). The molecular bases for the ca, ts,
and att phenotypes of the U.S. and Russian influenza B virus ca donors
are at present less well defined.

An essential property of a live attenuated vaccine is the genetic stabil-
ity of the attenuation phenotype conferred by the internal genes of the
ca donor strain. Thus studies examining the genetic stability of the re-
combinant vaccine strains after replication in study volunteers have be-
come an important part of the clinical evaluation of the ca vaccines. Nu-
merous studies conducted with different H3N2 and HIN1 A/Ann Arbor/
6/60 6/2 vaccine reassortant strains have established that the ca and ts
phenotypes are highly stable after passage of the attenuated virus in hu-
mans (Murphy and Coelingh 2002). In recent studies, the genetic stabili-
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ty of such reassortants was confirmed by genotypic analysis of influenza
A and B vaccine strains recovered from children, although further se-
quence analysis of the polymerase genes was required to confirm the
presence of the attenuating mutations (Cha et al. 2002). Reassortant vac-
cines prepared from the A/Leningrad/17/47 and A/Leningrad/47/57 ca
donor strains have also confirmed the genetic stability of the ca reassor-
tant vaccine strains recovered from vaccinated children and adults
(Klimov et al. 1995). Partial sequence analysis of all six internal genes of
HINI and H3N2 reassortant vaccine viruses confirmed that mutations
in the PB1, PB2, and PA genes associated with the ca or ts phenotypes
were preserved. Minor variability in the other internal genes was at-
tributed to heterogeneity in these genes within the ca donor strain or
heterogeneity in the reassortant vaccine strain itself (Klimov et al. 1996).
The high degree of phenotypic stability exhibited by the ca reassortant
vaccine strains is presumably due to the polygenic nature of attenuation.
There is little evidence of transmission of LAIV from vaccinated individ-
uals, presumably because the low levels of virus shed after vaccination
are below the threshold required for efficient transmission. The minimal
induction of symptoms such as sneezing and coughing that would aid in
transmission of the virus likely also limits the spread of the vaccine
strains among nonvaccinated individuals.

9
Safety, Inmunogenicity, and Efficacy of LAIV

Since 1995, the trivalent investigational LAIV prepared from the U.S. in-
fluenza A and B virus ca donors has been administered to over 10,000
children and adults. Overall, the vaccines were well tolerated, although
the number of reports of runny nose or sore throat were higher in those
administered LAIV compared with those who received intranasal place-
bo (Mendelman et al. 2001). Similarly, a high level of safety in both pedi-
atric and adult populations also has been reported for the Russian LAIV
[29, 43, 44]. The immunogenicity of LAIV depends on the strain of virus
used, the age of the individual, and the presence of preexisting antibody
as a result of prior influenza infection or vaccination or maternally ac-
quired antibodies in the case of infants less than 6 months of age. Al-
though one dose of LAIV induces long-lasting HA-specific serum IgG
and mucosal IgA antibody responses in seronegative children, two doses
of LAIV are optimal for both younger and older infants and children
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(Johnson et al. 1986; Murphy et al. 1982b). In children and adults, serum
hemagglutination inhibition (HI) antibody titers induced by LAIV are
lower than those induced by inactivated influenza vaccine (Edwards et
al. 1994; Rudenko et al. 1993; Clements and Murphy 1986). In adults, in-
cluding elderly adults aged 65 years, LAIV boosts mucosal IgA responses
more frequently than inactivated vaccine (Rudenko et al. 2001; Beyer et
al. 2002). Overall, LAIV is less immunogenic in elderly adults because of
the limited replication of the vaccine virus, which is associated with the
presence of increased levels of serum and local antibodies (Powers et al
1992). In a 2-year study in healthy preschool children, the overall effica-
cy of the trivalent ca LAIV in preventing culture-confirmed illness was
92% (95% CI: 88, 94) (Belshe et al. 1998; Belshe et al. 2000). This includ-
ed the provision of excellent heterotypic protection against an antigenic
drift variant (A/Sydney/5/97) that was not contained in the vaccine
(Beyer et al. 2002). In a 5-year comparative study in persons aged
1-65 years, the efficacy of a bivalent LAIV was similar to that of trivalent
inactivated vaccine in preventing culture-confirmed H3N2 illness and se-
rologically proven HIN1 infection (Edwards et al. 1994). More recently,
trivalent LAIV and inactivated vaccine were shown to be of similar effi-
cacy in preventing laboratory-confirmed HINI1 illness after experimen-
tal challenge in healthy adults (Treanor et al. 2000).

10
Advantages and Disadvantages of ca Live Attenuated Influenza Vaccines

Compared with inactivated influenza vaccine, the ca LAIV induces supe-
rior local IgA antibody responses in the respiratory tract. Although mu-
cosal antibody is typically less durable than serum IgG, it nevertheless
offers protection at the site of infection. Theoretically, LAIV should also
induce superior cell-mediated immunity, although data, and particularly
direct comparisons with inactivated vaccines, are limited. Although
LAIV induce lower serum antibody responses compared with inactivated
vaccines, the protective efficacy is as good if not better than that offered
by inactivated vaccines, suggesting that enhanced mucosal and cellular
responses overcome the limitations of systemic antibody induction by
LAIV. The concept that mucosal antibody responses may be of broader
specificity is borne out by the heterotypic efficacy of LAIV demonstra-
ted in one study (Treanor et al. 2000). The needle-free delivery of LAIV
is a definite advantage for vaccine acceptability, particularly for children.
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Genetic stability studies performed to date have confirmed the stability
of the ca, ts, and att phenotypes. However, additional studies are needed
to better understand the gene constellation effects observed in different
reassortant vaccine strains. The potential for transmission of vaccine
strains to unvaccinated contacts has also been considered a disadvantage
of LAIV. However, studies conducted in young children have found only
rare evidence of such transmission (Murphy and Coelingh, 2002; Gruber
et al. 1993; Karron et al. 1995). Nevertheless, the potential for transmis-
sion to immunocompromised individuals must be addressed if LAIV is
to be used widely in the general population. Another concern is the po-
tential for reassortment between a ca vaccine strain and wild-type influ-
enza A virus. Although all the available evidence suggests that reassort-
ment with currently circulating human HINI or H3N2, or HIN2 viruses
would result in an attenuated strain unable to transmit efficiently among
humans, the outcome of reassortment with a novel virus of swine or avi-
an origin is less clear.

11
The Application of Reverse Genetics to Influenza Vaccine Development

The viruses that are included in the licensed trivalent formalin-inactivat-
ed influenza vaccine are updated annually to keep pace with antigenic
drift among circulating influenza viruses. The influenza A (HIN1 and
H3N2) components of the vaccine are high-growth reassortant viruses
that derive their surface glycoprotein genes from circulating wild-type
(wt) viruses and internal protein genes from a vaccine donor strain in-
fluenza A/Puerto Rico/8/34 (PR8), a gene constellation that confers high
yield in embryonated eggs (Kilbourne 1969) . These high growth 6:2 re-
assortant viruses are generated by genetic reassortment annually or as
needed for inclusion in the vaccine. Significant research efforts are being
made to develop better influenza vaccines than those that are currently
licensed and vaccines to protect humans against pandemic strains of in-
fluenza (Palese and Garcia-Sastre 2002). Ever since techniques were de-
veloped to rescue individual influenza virus genes or complete influenza
viruses, investigators have sought ways to apply reverse genetics tech-
niques to vaccine development by generating rationally designed vac-
cines with specific features that can be incorporated at will.
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11.1
The First Generation: Ribonucleoprotein Transfection

The first generation of reverse genetics techniques, referred to as ribonu-
cleoprotein (RNP) transfection methods, used a helper virus to rescue a
single cDNA-derived influenza virus gene (Luytjes et al 1989; Enami and
Palese 1991) . The cDNA-derived gene was transcribed in vitro in the pres-
ence of purified RNP to generate a RNP-RNA complex that was transfected
into cells infected with a helper virus. Reassortant viruses bearing the
cDNA-derived gene segment were selected from the helper virus progeny
(Fig. 1). The success of this method depended on the selection system.

RNP transfection was applied to generate 6:2 reassortant human influ-
enza vaccine strains with the HA and NA genes derived from circulating
wt viruses in a background of internal protein genes of the A/Ann Ar-
bor/6/60 (AA) ca vaccine virus.

in vitro transcription

Fig. 1 First generation reverse genetics: ribonucleoprotein transfection. In vitro syn-
thesized VRNA is mixed with NP and polymerase proteins purified from virus and
the resulting vVRNP complex is transfected into eukaryotic cells. The remaining seven
VRNPs are provided by a helper virus and the desired recombinant virus is selected
using a selection system such as antibody, host-range, temperature or drug sensitivi-
ty. (Reproduced with permission from Neumann and Kawaoka, 2002, John Wiley
and Sons Ltd)
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11.2
The Second Generation: Plasmid-Based Reverse Genetics

RNP-based transfection methods had significant limitations because
they were dependent on a strong selection system and required labori-
ous purification of functional RNP complexes (Luytjes et al 1989). In
1999, two laboratories independently developed plasmid-based reverse
genetics techniques to rescue influenza A viruses (Fodor et al. 1999;
Neumann et al. 1999). These methods were based on cotransfection of
appropriate cells (293-T, Vero, or a mixture of 293-T and MDCK cells)
with 12 to 17 plasmids, 8 encoding virion sense RNA (VRNA) under the
control of a human Pol I promoter (Neumann and Kawaoka 2002) and
4-9 plasmids encoding messenger RNAs (mRNA) for different influenza
proteins under the control of a Pol II promoter (Fig. 2). These methods
did not require a helper virus and therefore did not require a selection
system. The method was further modified and simplified by engineering

il k.
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. Plasmids expressing
influenza viral proteins

OOe®
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Fig. 2 Second generation reverse genetics: generation of influenza virus entirely
from cloned cDNAs. Eight plasmids each encoding a region for a viral segment
flanked by RNA polymerase 1 promoter and terminator sequences, are transfected
into eukaryotic cells for vVRNA synthesis. Nine plasmids designed for expression of
viral structural proteins or alternatively, only four plasmids encoding the poly-
merases and NP required for replication and transcription of the VRNA, are provid-
ed by cotransfection of cells with these protein expressing constructs. (Reproduced
with permission from Neumann and Kawaoka, 2002, John Wiley and Sons Ltd)
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Fig. 3 Eight plasmid system for the generation of reassortant influenza A viruses.
Eukaryotic cells are transfected with six plasmids representing A/PR/8/34 (HIN1)
master strain and two plasmids encoding the HA and NA genes from circulating
wildtype viruses. No selection system is required to isolate the desired reassortant
virus. (Reproduced with permission from Hoffmann et al. 2002, Elsevier Science
Ltd)

the influenza virus gene segments into a bidirectional or ambisense vec-
tor with Pol I and Pol II promoters flanking each gene segment (Hoff-
mann et al. 2000a; Hoffmann et al. 2000b). This modification reduced
the number of plasmids required in the transfections from 12 or 17 to 8
(Fig. 3). The 8- and 12-plasmid systems have been applied to the genera-
tion of 6:2 reassortant viruses for use as vaccine seed viruses (Schickli et
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al. 2001; Hoffmann et al. 2002a). When a new vaccine strain is identified,
the HA and NA genes can be rapidly cloned into the appropriate vector
and cotransfected with the six internal protein genes of the vaccine do-
nor strain (PR8) to generate new vaccine reassortant viruses. The use of
plasmid-based reverse genetics will allow more rapid generation of reas-
sortant viruses without the need for a helper virus or antibody selection.

Influenza B viruses have also been rescued recently by plasmid-based
reverse genetics (Hoffmann et al. 2002b). Thus technology will soon be
available to routinely generate all three components of trivalent influen-
za virus vaccines.

12
Attenuation Resulting from Mutations in a Single Gene Segment

12.1
Attenuating Mutations in the PB2 Gene

RNP transfection methods were used to generate a candidate vaccine vi-
rus with fs mutations inserted by site-directed mutagenesis into the PB2
gene of an influenza A virus, reasoning that a single attenuating gene
could be transferred to different wt virus backgrounds to generate vac-
cine viruses (Subbarao et al. 1993a; Subbarao 1995). Previous preclinical
and clinical evaluation of ts mutants generated by chemical mutagenesis
as vaccine candidates established that a ts mutant virus with a shut-off
temperature for virus replication of 38°C in vitro would provide a satis-
factory level of attenuation in humans. The combination of three ts mu-
tations in the PB2 gene at amino acids 112, 265, and 556 or at 112, 265,
and 658 resulted in ts mutant viruses with 37°C shut-off temperatures.
The three mutations were encoded by five nucleotide substitutions, pro-
viding some confidence in the likelihood of genetic stability and lack of
reversion of the mutations. The ts mutant virus with the triple-mutant
PB2 gene (1124265+556) was attenuated in hamsters and was immuno-
genic and protected animals from subsequent wt virus challenge. How-
ever, the shut-off temperature increased when the triple-mutant PB2
gene was transferred by reassortment into another genetic background,
indicating that the temperature sensitivity conferred by the triple-mu-
tant PB2 gene was partly determined by the gene constellation of the vi-
rus (Murphy et al. 1997). It is likely that the incorporation of additional
ts or non-ts attenuating mutations would result in a satisfactory vaccine
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candidate, but this approach was not pursued further. A similar strategy
was applied to introduce ts mutations into the P2 gene by alanine-scan-
ning mutagenesis (Parkin et al. 1996, 1997).

12.2
Altered NS1 Proteins

Among the several functions of the NS1 protein of influenza viruses (re-
viewed in Salvatore et al. 2002), this protein is a virally encoded inhibi-
tor of interferon-mediated antiviral responses. Influenza A viruses with
deletions in the NS1 protein generated by RNP transfection were able to
replicate in substrates deficient in the interferon pathway Garcia-Sastre
et al. 1998; Talon et al. 2000). Laboratory variants of influenza B viruses
have been described with deletions in the NS1 gene (Tanaka et al. 1984;
Tobita et al. 1990). Influenza A viruses with targeted deletions and labo-
ratory variants of influenza B viruses with deletions in the NS1 were
evaluated as potential vaccine candidates (Talon et al. 2000). Influenza A
viruses lacking the NS1 gene (delNS1) or with al54-nt deletion in the
NS1 gene resulting in a NS1 protein containing only the first 99 amino
acids of the wt NS1 (the wt gene encodes a proteins of 230 amino acids)
were compromised in their ability to replicate to high titer in embry-
onated eggs. The NS1-99 virus was able to replicate to high titer in
6-day-old embryonated eggs. Both viruses were attenuated in BALB/c
mice. At an immunizing dose of 10 pfu, both viruses (deIlNS1 and
NS1-99) elicited ELISA antibody responses and protected mice from
subsequent challenge with 100 and 5,000 LDs, of wt PR8 virus (Talon et
al. 2000). Reduction in the immunizing dose of the NS1-99 virus to
3.3x10* pfu reduced the protection to 78%, and a similar reduction in
the immunizing dose of deINS1 resulted in complete loss of protection
against lethal challenge (Talon et al. 2000). The influenza B viruses with
deletions in the NS1 gene were immunogenic in mice; vaccine efficacy
was demonstrated by reduction in lung virus titers because a lethal virus
challenge model was not available (Talon et al. 2000).

12.3
NS Mutant Replication-Incompetent Viruslike Particles

Plasmid-based reverse genetics has been used to generate replication-in-
competent viruslike particles (VLPs) (Neumann et al. 2000). Replica-
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tion-incompetent VLPs lacking the entire NS gene (NS-gene deficient
VLPs) or lacking only the NS2 gene (NS2 knockout VLPs) were generat-
ed by deleting the splice donor site in the poll plasmid encoding the
eight gene segment of influenza A/WSN/33 and inserting additional stop
codons after the NS1 open reading frame (Watanabe et al. 2002). Cells
infected with the VLPs did not produce progeny virus. Although 16 HA
units of NS2 knockout VLPs administered intranasally to BALB/c mice
did not induce detectable HI antibody titers, immunized mice exhibited
a >100-fold reduction in pulmonary replication compared with nonim-
munized control mice and were protected from subsequent lethal chal-
lenge with wt virus. In contrast, the NS gene-deficient VLPs did not in-
duce protection from lung virus replication or from lethal challenge with
wt virus. The authors proposed that NS2 knockout VLPs could serve as
useful vaccine vectors for expression of foreign proteins or epitopes
(Watanabe et al. 2002).

12.4
M2-Deficient Influenza A Viruses

A chimeric mutant influenza A virus in which the transmembrane do-
main of the M2 gene was replaced with that of the HA gene was generat-
ed by plasmid-based reverse genetics using 17 plasmids (Watanabe et al.
2001). This virus replicated well in vitro but failed to replicate in the na-
sal turbinates or lungs of mice; this degree of attenuation may make this
virus an attractive vaccine candidate because the mechanism of attenua-
tion is likely to be genetically stable (Watanabe et al. 2001). However,
further studies are needed to determine whether the virus replicates suf-
ficiently to stimulate a protective immune response, particularly in view
of a recent report that viruses with a deletion of the transmembrane do-
main appeared to be debilitated in growth in tissue culture to an extent
similar to that of influenza viruses grown in the presence of amantadine
(Takeda et al. 2002).

13
Attenuation Resulting from a General Approach

Other methods of genetically engineering attenuation of influenza virus-
es that may be more broadly applicable than the gene-specific attenua-
tion strategies outlined above have been proposed as vaccine design
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strategies. An example of a more general approach is the replacement of
the noncoding ends of the HA or NA gene of an influenza A virus with
the corresponding noncoding region of the NS gene of an influenza B vi-
rus, which resulted in significant attenuation (Muster et al. 1991)[83].

13.1
Application of Reverse Genetics to Generation of Pandemic Vaccines

In 1997 and 1999 human infections by avian influenza A H5N1 and
HIN2 viruses were documented in Hong Kong and China (Subbarao et
al. 1998; Subbarao and Katz 2000; Peiris et al. 1999; Guo et al. 1999).
These events have raised concerns about the potential of avian influenza
viruses of certain subtypes for pandemic spread and have led to efforts
to develop vaccines to protect humans from avian influenza A viruses.
Reverse genetics techniques are essential for this process if any of the
genes need to be modified to remove virulence determinants. For exam-
ple, a 6:2 reassortant H5N1 virus bearing the internal protein genes of
the AA ca vaccine donor virus was generated by RNP transfection (Li et
al. 1999); the H5 HA gene was genetically modified to remove the multi-
basic amino acid motif associated with pathogenicity for chickens. The
H5N1/AA ca virus displayed ts, ca, and attenuation phenotypes specified
by the AA ca virus genes and was no longer highly pathogenic for chick-
ens (Li et al. 1999). The immunogenicity and protective efficacy of intra-
venously administered virus were variable in chickens (Li et al. 1999).
Efficacy was not evaluated in a mammalian model.

Plasmid-based reverse genetics techniques using 12 plasmids were
used to generate an H5N1/PR8 reassortant virus with a similarly modi-
fied H5 HA (Subbarao et al. 2003). The removal of the multibasic amino
acid motif in the HA gene and the new genotype of the H5N1/PR8 trans-
fectant virus attenuated the virus for chickens and mice without altering
the antigenicity of the HA. Because the virus is no longer lethal for em-
bryonated eggs and is not highly pathogenic or infectious for chickens,
it should be possible to manufacture an egg-based vaccine in a biosafety
level-2 production facility without posing a biological threat to animal
agriculture and the environment. A formalin-inactivated vaccine pre-
pared from the H5N1/PR8 transfectant virus was immunogenic and pro-
tected mice from subsequent challenge with wt viruses from the homol-
ogous and heterologous antigenic subgroups; the protection provided by
this vaccine was similar to that provided by a nonlethal wt H5N1 live vi-
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rus infection and a formalin-inactivated vaccine prepared from the wt
H5N1 virus. The major concerns posed by other H5 vaccine candidates,
such as an incomplete match between the HA and NA of the vaccine and
those of the HK H5N1 viruses and biosafety concerns with regard to
safety of personnel involved in vaccine production as well as the poten-
tial threat to agriculture and the environment, are addressed by the
H5N1/PR8 vaccine reassortant (Subbarao et al. 2003).

An eight-plasmid system described for the generation of seed viruses
that derive internal protein genes from PR8 was used to generate 6:2 re-
assortant viruses with surface glycoprotein genes from human influenza
A HIN1 and H3N2 viruses or avian H5N1, H6N1, and H9N2 viruses
(Hoffmann et al. 2002a). The authors demonstrated that vaccine seed
viruses could be generated rapidly and reproducibly by cloning the HA
and NA genes of different viruses while using the same plasmids for the
PR8 internal protein genes (Hoffmann et al. 2002a). Rapid cloning of
genes from a variety of influenza viruses into the plasmid backbone for
the eight-plasmid system can be facilitated by the use of a set of univer-
sal primers (Hoffmann et al.2001)[90].

13.2
Advantages of and Concerns About Vaccines Generated
by Reverse Genetics

The advantages of the use of reverse genetics for the generation of vac-
cine reassortant viruses are the rapidity with which the reassortants can
be generated (Hoffmann et al. 2002a), the ability to genetically modify
genes as needed to remove virulence markers (Subbarao et al. 2003), or
potentially, to introduce attenuating mutations, and the fact that neither
helper viruses nor selection pressures are required to select reassortant
viruses with the desired genotype.

The primary concerns that will have to be addressed before vaccines
for human use are generated by reverse genetics are potential regulatory
concerns, including the cell substrate used for transfections (293-T,
MDCK, and Vero cells) and the transfection reagents used. In plasmid-
based reverse genetics, mammalian cells must be used for transcription
because VRNA is transcribed by human pol I polymerase. Therefore,
transfections will have to be carried out in mammalian cell substrates
that are qualified for use in humans. As is true for any vaccine licensed
for use in humans, all materials used in cell culture, plasmid purifica-
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tion, and transfection must be recorded. Until the rates and risk of gene
rearrangements are established, more complete genotype and sequence
analysis may be required of transfectant viruses than is required of vac-
cine seed viruses generated by reassortment. Although the reassortant
viruses in currently licensed influenza vaccines are generated each time
the vaccine composition is updated, years of experience with the metho-
dology have established that the outcomes are reproducible. Regulatory
authorities will have to determine the extent of evaluation required of
vaccines generated by reverse genetics. When other approaches to atten-
uate viruses are explored, it will be necessary to establish the repro-
ducibility of attenuation in different gene constellations (Murphy et al.
1997).

14
Summary

It is now technically feasible to use plasmid-based reverse genetics tech-
niques to generate conventional influenza vaccine reassortants; in the fu-
ture the technique will permit the introduction of genetic changes de-
signed to improve current vaccines. The actual implementation of the
technology will occur when regulatory concerns are addressed. Reverse
genetics has made it possible to explore several new approaches to the
generation of live attenuated influenza viruses. Although preliminary
data appear promising, further studies are needed to determine the fea-
sibility of generating vaccines with these approaches. The reproducibili-
ty of the attenuation phenotype conferred by abolishing M2 ion channel
activity or deleting the NS1 or NS2 proteins must be established in dif-
ferent genetic backgrounds of influenza viruses. The promise of the
technology lies in the fact that several attenuating mechanisms can be
combined in a rationally designed influenza virus vaccine.
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